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SUMMARY

One of the challenges in the process industry, such as the food and pharmaceutical in-
dustry, is the quantitative measurement of various quantities in fluid flows. Examples
are the relative volume fractions of the different components of mixtures, the particle
size of suspended or emulsified particles and the flow speed. The use of optical sensors
to measure these quantities has many advantages: it is fast, non-invasive, and the appli-
cation is generally straightforward. This thesis describes how (spectral) interferometry
and heterodyne dynamic light scattering (DLS) can be used to measure the aforemen-
tioned quantities. Special attention is paid to the combination of the two techniques,
and the combination of the multiple physical quantities that can be measured.

In Chapter 2, a transmission spectral Mach-Zehnder interferometer is described.
From the interference spectrum, both the transmission spectrum and the path length
difference due to the sample can be measured. These can be measured simultaneously,
due to the application of Fourier filtering techniques on the interference spectrum. The
measured path length difference depends on the refractive properties of the material of
interest. These are the group index ng and the group velocity dispersion (GVD). With
these two parameters, the volume fraction of the mixture can be determined. This is
applied to water and glycerol mixtures, water and ethanol mixtures, and turbid samples
of water and Intralipid. Broadband interferometric sensing allows for a more precise
measurement of the GVD than traditional wavelength swept Abbe refractometry. In ad-
dition, the single shot measurement of the transmission spectrum and the interference
spectrum allows this method to be used for in-line optical sensing.

Chapter 3 explores in more depth the nonlinear volume fraction dependence of both
the transmission and the refractive index of colloidal suspensions. The transmission
and the refractive index can be described by a complex refractive index: the real part is
related to the phase delay of the light wave, and the imaginary part to the attenuation
of the light due to scattering. The complex refractive index is determined for samples
of various volume fractions of 100 nm sodium silicate particles with the same interfer-
ometer as described in Chapter 2. The measured attenuation is well described with far
field interference, and the group index has a linear relationship with the volume fraction
as expected for independent scattering. However, an interesting new non-linear effect
was found in the GVD showing that the increase of the GVD with the volume fraction is
lower than what is expected from independent scattering. We believe that this work is
the first experimental demonstration of concentration-dependent scattering in the real
part of the effective refractive index of colloidal media. With a dipole model very sim-
ilar to the Lorentz-Lorenz model, the particle size and polydispersity of the sample are
determined. This method is particularly useful for determining the refractive index of
porous particles, as a conventional index matching experiment cannot be used reliably.

For industrial applications, real-time sensing is often necessary. Chapter 4 describes
how a transmission interferometer is augmented with the addition of dynamic light scat-

ix
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tering (DLS). By means of DLS the speed and size of nano and micro particles can be
measured from the time correlations in the scattered light. In heterodyne DLS this back-
scattered light is amplified with a strong reference signal. With the combined optical
transmission and DLS measurements, various process relevant parameters were simul-
taneously measured such as the volume fraction, mean particle size, size polydispersity,
and flow speed. This is not possible with conventional DLS and spectral interferometry
separately. This method is applied to sodium silicate particles to test the method. Fur-
thermore, the applicability for industrial sensing is shown with a real-time measurement
of the dissolution and aggregation of an Intralipid emulsion mixed with hydrochloric
acid.



SAMENVATTING

Eén van de uitdagingen in de procesindustrie, zoals de voedsel- of the farmaceutische
industrie, is het kwantitatief meten van verscheidende grootheden in vloeistofstromen.
Voorbeelden zijn de relatieve volumefracties van verschillende componenten van meng-
sels, de deeltjesgrootte van gesuspendeerde of gem̈ulgeerde deeltjes en de stroomsnel-
heid. Het gebruik van optische sensoren om deze grootheden te meten heeft vele voor-
delen: het is snel, niet-indringend, en over het algemeen eenvoudig toe te passen. Dit
proefschrift beschrijft hoe (spectrale) interferometrie en heterodyne dynamische licht-
verstrooiing (DLS) gebruikt kunnen worden voor de hierboven genoemde grootheden.
Hiermee gaat speciale aandacht uit naar de samenvoeging van de twee technieken en
de verschillende fysische grootheden die hiermee gemeten kunnen worden.

In Hoofdstuk 2 wordt een spectrale transmissieinterferometer beschreven. Met be-
hulp van het interferentiespectrum kunnen zowel het transmissiespectrum als het pad-
lengteverschil door het monster worden gemeten. Deze kunnen gelijktijdig worden ge-
meten door de toepassing van Fourierfilteringstechnieken op het interferentiespectrum.
Het gemeten padlengteverschil hangt af van de lichtbrekingseigenschappen van de te
meten stof. Deze zijn de groepsindex ng , en de dispersie in de groepssnelheid (GVD).
Met deze twee parameters kan de volumefractie van een mengsel worden bepaald. Dit
is toegepast op water- en glycerolmengsels en ethanol- en watermengsels, en troebele
monsters van water en Intralipid. Breedband interferometrische detectie maakt het mo-
gelijk voor een meer nauwkeurigere meting van de GVD dan een traditionele Abbe re-
fractometrische meting per golflengte. Daarbij maakt het in één keer meten van zowel
het transmissiespectrum als interferentiespectrum het mogelijk om deze methode toe
te passen voor optische detectie in een vloeistofstroom.

In Hoofdstuk 3 wordt dieper ingegaan op de niet-lineaire volumefractieafhankelijk-
heid van zowel de transmissie, als de brekingsindex van colloïdale suspensies. De trans-
missie en de brekingsindex kunnen worden samengevat als een complexe brekingsin-
dex: het reële deel is gerelateerd aan de fasevertraging van de lichtgolf, en het imagi-
naire deel aan de extinctie van het licht door verstrooiing. De complexe brekingsindex is
voor monsters van verschillende volumefracties van 100 nm natriumsilicaat nanodeel-
tjes met dezelfde interferometer als in beschreven in Hoofdstuk 2 gemeten. De extinctie
wordt goed beschreven door verreveldinterferentie en de groepsindex heeft een lineair
verband met de volumefractie, zoals verwacht bij onafhankelijke verstrooiing. Een in-
teressant nieuw niet-lineair effect is gevonden voor de GVD waarbij de toename van de
GVD met de volumefractie is lager dan zoals verwacht voor onafhankelijke verstrooiing.
Wij geloven dat dit werk is de eerste experimentele demonstratie van concentratieaf-
hankelijke verstrooiing in het reële deel van de complexe brekingsindex van colloïdale
media. Met een dipoolmodel dat sterk lijkt op het Lorentz-Lorenz model konden de
deeltjesgrootte en polydispersiteit van het monster worden bepaald. Deze methode is
in het bijzonder nuttig om de brekingsindex van poreuze deeltjes te bepalen, daar een

xi
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conventioneel index-matching experiment niet betrouwbaar genoeg is.
Voor industriële toepassingen is realtime monitoring vaak noodzakelijk. In Hoofd-

stuk 4 wordt beschreven hoe de transmissie-interferometer is uitgebreid met dynami-
sche lichtverstrooiing (DLS). Met DLS kan de snelheid en grootte van nano- en micro-
deeltjes worden gemeten door middel van de tijdscorrelaties in het verstrooide licht. In
heterodyne DLS wordt dit teruggestrooide licht versterkt met een sterk referentiesignaal.
Met de gecombineerde optische transmissie- en DLS-metingen, kunnen verscheidende
parameters die van belang zijn voor de procesindustrie worden gemeten zoals: volume-
fractie, gemiddelde deeltjesgrootte, polydispersiteit en stroomsnelheid. Dit is niet mo-
gelijk met conventionele DLS. Deze methode is toegepast op deeltjes van natriumsilicaat
om de methode te testen. Verder is de toepasbaarheid voor industriële sensoren aange-
toond met een realtime meting van de oplossing en aggregatie van een Intralipidemulsie
gemengd met zoutzuur.
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2 1. INTRODUCTION

Process manufacturing is the systematic and large-scale production of substances in
various states of matter, such as in the chemical industry. Besides bulk chemicals, pro-
cess industry products include dairy products, beverages, plastics, and medicines. The
common denominator in the production of these materials is the presence of fluid flow.
These flows are often multiphase, meaning that they are composed of components with
different thermodynamic phases, such as in emulsions, suspensions, and slurries.

1.1. SENSING IN THE PROCESS INDUSTRY
In the process industry, the production can be divided into batch processes and con-
tinuous processes. In a batch process, all ingredients or precursor materials are added
together in a mixer or reactor vessel, and a batch of product is finished after a fixed time,
as schematically shown in Fig. 1.1(a). Batch processing is typically used for smaller
amounts of produced materials. The quality of the product or intermediates is often
only tested after it went through the whole process.

Process

Process Process

Off-line testing

Continuous process
with PAT

Sensor

ProcessProcess

Process

Sensor

Sensor Sensor

Sensor

(b)

(a)

(c)

Traditional 
continuous process

Batch process

Figure 1.1: (a) Flow chart of a batch process. (b) Continuous production process with off-line sampling, or
with (c) process analytical technology (PAT).

In a continuous process, as shown in Fig. 1.1(b), ingredients are continuously pumped
into the system, and the product is continuously produced. Continuous processing is
most often used for larger volume production, such as in the (petro)chemical industry.
The flow chart in Fig. 1.1(b) depicts a conventional process pipeline, where after a few
production steps, the manufactured product is tested off-line after all processing steps
have taken place. When a processing step fails, it will only be noticed after the off-line
quality assurance (QA) check. With this method of testing, the failed product not only
undergoes many unnecessary processing steps, but it is also not known which process-
ing step has caused the defect. In addition, the entire end product needs to be rejected.

Hence ideally, for continuous processes and larger than lab-scale batch processes,
all gas and fluid streams at every processing step need to be monitored and controlled
in real-time. Here, the time scale of what can be considered real-time, depends on the
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process that is monitored, and can vary from milliseconds to several minutes[1, 2]. Fig-
ure 1.1(c) shows the same flow chart, but now with a sensor at each processing step,
which is an implementation of process analytical technology (PAT). These sensors can
be used to monitor the process itself and be added to the reactor vessel, mixer, or distil-
lation column. Sensors can also be placed in-line on the pipes or tubing between each
processing step. When there is a defect in one of the processing steps, it will be detected
immediately by the sensors. The production then can be immediately halted and the de-
fect can be resolved. Moreover, the sensors can be used to provide real-time information
on the processes, thereby allowing for feedback control to keep the process quality con-
stant. For process quality monitoring, the parameter that contains the most information
on whether the process is operating under nominal conditions is the critical quality at-
tribute (CQA)[3]. If a sensor detects that the CQA is out of the nominal operating range,
operator attention is required to troubleshoot the problem.

1.1.1. PROCESS ANALYTICAL TECHNOLOGY
The application of sensors to monitor the production process is called process analyti-
cal technology. This term is most commonly used in the context of the pharmaceutical
industry, and the regulatory framework to replace off line batch testing with in-line sens-
ing [4, 5] technology. However, this term is also used in a broader sense for all kinds of
process industries [6–8]. In this thesis, PAT refers to the latter, broader, interpretation.

Besides process control, PAT can be applied to other factors in the process industry.
A breakout of the applications of PAT is shown in Fig. 1.2. PAT is used in the research
and development phase for both data collection for understanding and modeling of the
process, and the design and optimization of the process itself. After this phase, it can be
used for the scale-up of the process. The main aim of data gathering in the research and
development (R&D) phase is to correlate the sensor output to the desired outcome of a
processing step. This can be the quality of the product, but also the speed or efficiency
of the production process. Thereby, PAT information can be used for improved reactor
design, or to achieve a faster scale-up from a pilot reactor [7, 9]. However, a larger pro-
duction version of the pilot plant is not always comparable in performance. Therefore,
during scale-up the production parameters need to be adapted for the new plant.

Quality Assurance

R&D Process understanding

Figure 1.2: Overview of the applications for process analytical technology (PAT) in research and development
(R&D) and production.

PAT can be used for product and plant safety, process control and feedback, the
aforementioned QA, or a combination thereof. In-flow sensing for plant safety is an obvi-
ous application for PAT, which can be applied with something as simple as a temperature
sensor to prevent overheating. However, in a broader sense, this applies to product safety
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as well. For example, in the food industry, PAT is used to detect spoilage or chemical con-
tamination [10, 11]. Most notably for the pharmaceutical industry, the American Food
and Drug Administration considers that the control and monitoring of each production
step is a necessary condition for drug safety [12].

PAT can also be used to regulate the production process where it is used in a feed-
back loop to regulate the input parameters or input streams. This is important to en-
sure a consistent quality of the final product, particularly for complicated or unstable
reactions. Examples include the fabrication of nano and microparticles [13–15], biore-
actors [16–18], or for unstable reactions [19].

Nowadays, PAT is a relevant topic for any process industry [7, 20], whether it is the
chemical industry [21], food industry [8, 11, 22–24], or pharmaceutical industry [7, 25–
27]. Three concrete examples of the parameters of interest that are relevant in the oil
industry, pharmaceutical industry, and food industry are given below.

One of the oldest applications for PAT is on large scale processes in the petrochemical
industry. As early as the 1950s, in-line infrared spectrometry was used in the oil industry
for QA in the production of high octane fuel [28, 29]. Also, refractive index sensing was
used for feedback systems in distillation columns, since the refractive index is sensitive
to the relative fractions in the column [30, 31] as the longer carbon chains have a higher
refractive index than the shorter chains.

An example from the pharmaceutical industry is the synthesis of paracetamol. Tradi-
tionally, paracetamol is fabricated in a batch process. However, PAT enables the fabrica-
tion of paracetamol in a continuous process [32]. Like many other active pharmaceutical
ingredients (API), the production requires crystallization [32–35]. This can be a compli-
cated process that is dependent on the shape and size of the reactor. In addition, the size
distribution of some crystallized APIs can influence the efficiency of product removal
and the chemistry in subsequent processing steps. Most importantly, it can influence
the effectiveness of the medicine [9, 33]. Therefore, the size distribution of the crystal-
lized product, and the total throughput of all ingredients must be constantly measured.

In the dairy industry, the quality of cow’s milk is often determined by the protein and
fat content [22, 36, 37]. The fat in the milk is often dispersed in globules with a very wide
size distribution. The fat globule size is related to fat content and the health of the cow.
In addition, the per cow variability of the milk can affect the quality and consistency of
dairy products, such as cheese [8, 24, 38].

For all the five PAT applications shown in Fig. 1.2 and in the examples given above, it
is important that the sensor does not influence the product itself, i.e., it is non-destruc-
tive and non-invasive. Also, it should be fast to give real-time feedback. Finally, it should
work in-line with the process flow when the process components flow past the sensor.

An important consideration is that any parameter of interest, e.g., composition, is
only measured indirectly, for example through the refractive index. Next, this physical
parameter, here the refractive index, is converted either through modeling or calibration
to the quantity of interest, e.g., volume fraction. However, in real processes there can
be confounding factors that influence the result, e.g., through the presence of contam-
inants or the interrelation of physical parameters. Hence, it is often beneficial to com-
bine sensors to reduce ambiguity. For example, the refractive index measurement can be
combined with a measurement of the transmission spectrum. In that case, a contami-



1.2. SENSING OF THE MAIN PARAMETERS OF INTEREST

1

5

nation by particles or other absorbing compounds can be detected, on top of the relative
volume fractions.

1.2. SENSING OF THE MAIN PARAMETERS OF INTEREST
As the examples described in the previous section show, there is a need for non-invasive
in-line sensing of multi-component flows of molecular mixtures and particle suspen-
sions. A cartoon of such a sensor is shown in Fig. 1.3. Common flow parameters are
the partial volume fraction, particle size and flow speed. These fluid properties can be
measured optically or non-optically. In the following three sections, techniques will be
described for sensing these parameters, with a focus on optical methods.

1.2.1. PARTIAL VOLUME FRACTION
Most commonly, the composition, or partial volume fraction, of a mixture is measured
with a transmission spectrum using quantification of the optical attenuation. Next to the
examples given above, this has been used to measure the fat content in bovine milk [22]
and human milk [39, 40], the characterization of blood [41] or the monitoring of water
quality [42]. A measurement of the transmission spectrum can be used for the measure-
ment of the volume fractions of absorbing or scattering media. Furthermore, for turbid
media, the transmission spectrum strongly depends on the particle size distribution.

Since the transmission spectrum contains a lot of information other than the vol-
ume fraction, for example, due to absorption and scattering, it can be challenging to
obtain the volume fraction without a secondary sensing method. This is not the case
for the refractive index, which is almost exclusively dependent on the mixing ratio be-
tween two components. Therefore, the refractive index can provide valuable informa-
tion on the partial volume fraction of the sensed components. Moreover, the refractive
index can be spectrally resolved, and the dispersion can be used for more detailed anal-
ysis. Refractive index composition analysis has been used for the measurement of salin-
ity [43, 44] or glucose content [43, 45, 46]. Although refractive index sensing provides a
clear benefit for transparent media, it can also be used in scattering media. Examples in-
clude the differentiation between blood groups [47], the measurement of the amount of

Particle size Flow speedVolume fraction

Figure 1.3: Cartoon of in-line flow sensing showing various physical properties that can be measured in-line.
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hemoglobin [48], and particle sizing [49]. However, multiple scattering of the suspended
particles can make a refractive index measurement ambiguous, since the multiple scat-
tered light has an optical path length longer than the ballistic light.

The refractive index and the refractive index dispersion can be measured with var-
ious techniques. Traditionally, the refractive index is measured with an Abbe refracto-
meter [50], which measures the refractive index by means of the critical angle. This can
also be used for turbid media[51–53]. However, it cannot simultaneously measure the
transmittance. Furthermore, care must be taken to accurately take the scattering of sus-
pended particles into account [54–56].

The refractive index can also be measured with optical coherence tomography, but
only for specific use cases [57]. Other methods for refractive index sensing are by means
of tapered optical fibers [58], plasmonics [59, 60], or microresonators [61, 62]. An advan-
tage of these methods is that these can be applied in biosensors. These are sensors with
a functionalized surface to increase sensitivity and specificity [58, 59, 63].

Refractometry and transmission spectroscopy can be combined with spectral inter-
ferometry. Here, both the attenuation spectrum and the refractive index can be mea-
sured simultaneously [45, 64]. In that case, the transmitted intensity is retrieved from the
envelope of the interference spectrum. The refraction and dispersion are then related
to the spectral frequency of the interference, and the chirp, respectively. This method
can potentially be applied to reduce the effects of multiple scattering in a highly turbid
medium, by filtering out the longer optical path lengths [45, 65, 66]. It is this method
that is applied in this thesis. A more in depth description of the theory and experiment
is given in Chapter 2.

1.2.2. PARTICLE SIZE
A second important flow parameter is the particle size in a suspension. Particularly, for
in-line sensing, current commercial in-flow particle sizers are often unwieldy and ex-
pensive [67]. The particle size is seldom a single size, but rather is described by a size
distribution. The particle size distribution is characterized by the polydispersity, which
is a measure of the spread of particle size. The size distribution can be measured with
various techniques, but often the outcome is dependent on the used technique [68], and
it may be poorly defined for multimodal size distributions. The polydispersity can be
defined in multiple ways, for example, mass [69], volume [70] and, for spherical parti-
cles, diameter. In this thesis the polydispersity is defined by the standard deviation of
the number particle size distribution, often given as a percentage of the diameter.

Non-optically, the particle size distribution can be measured, for example with ultra-
sound [71], or with the electrical resistance [72], or impedance [73]. Here, we focus on
optical particle sizing techniques.

In industry, a common optical sizing method is focused beam reflection measure-
ments (FBRM) [14]. With FBRM, laser light is focused just in front of a probe. This focal
point is rapidly rotated, making circles in the bulk medium, and the fluctuations of the
reflected beam over time are detected. The larger a particle, the longer time the moving
focus spot spends on a particle. FBRM measures a chord length distribution, instead of
a particle size distribution, because each nonspherical particle will be measured with a
random angle, and the focus spot does not necessarily go through the center of mass of
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each particle [74, 75]. A main drawback is that it is not always possible to convert a chord
length distribution to a particle size distribution. A second disadvantage of FBRM is that
it is only sensitive to relatively large particles (> 100 nm) [76].

Another rather common method for particle sizing is laser diffraction analysis (LDA)
or static light scattering (SLS). With LDA, the diffraction pattern of the light scattered
from a particle or a group of particles is measured on a detector array or camera [67, 77].
With SLS the angle dependence is measured, either by scanning a detector over a range
of incidence angles, or with a detector array [78].

With these methods, the angle dependence of the scattering, or the phase function,
can be determined. The angle dependence can be related to the particle size by, for
example, comparing it to the phase function calculated with Mie theory. Most impor-
tantly, laser diffraction analysis techniques have the potential to be used for in-line sens-
ing [67, 79]. For example, in many flow cytometers the cell size is estimated through
measurement of the scattered power at different angles, which is related to the phase
function of the cell. In a flow cytometer a fluid flow is funneled into a small tube such
that the particles, or more often cells, flow sequentially past the sensor. Cytometers of-
ten consist of waveguides placed such that they make different angles with respect to the
axial direction. When a cell passes the detector, the scattered light is measured with on
multiple detectors [80]. This is similar to SLS, but with the use of only a limited number
of angles. Flow cytometers can also measure the size and refractive index of the cells
simultaneously [81].

The particle size can also be measured by imaging the particles over time in a video
and track their displacements from frame to frame. This is called particle tracking anal-
ysis (PTA), also known as nanoparticle tracking analysis (NTA). Due to Brownian motion
the particles make a random walk with a mean displacement that is proportional to the
diffusion constant and the time. The particle size can be determined from the diffusion
constant and the Stokes-Einstein equation. The collective particle movement is directly
related to the local flow speed. Although in 2020 Gross-Rother et al. [82] considered PTA
as an emerging technique, PTA is widely applied and commercially available [83–85]. A
disadvantage of PTA is that it is difficult to implement in flow and can only be applied
to dilute samples. Furthermore, the particle size needs to be large enough, and a flow
rate slow enough, that the particle motion is visible in enough consecutive frames. With
hollow optical fibers it is possible to measure diameters lower than 20 nm [86, 87], how-
ever, it is not possible to implement this for industrial sensing applications. For freely
diffusing nanoparticles the smallest measurable particle size is much larger, with a typ-
ical minimum of 100 nm under no flow conditions [88]. Often, the illumination and the
camera frame rate is a limiting factor to measure small particles.

A second well-established technique that measures the Brownian motion for particle
sizing is dynamic light scattering (DLS) [89, 90]. With DLS, the time correlations in the
detected scattered light are detected. Light scattering from particles in Brownian motion
results in a fluctuating interference pattern. Small particles have fast Brownian motion
and induce high-frequency fluctuations in the detected signal, whereas large particles
cause low-frequency fluctuations. The DLS signal can be detected with a low-coherence
spectral interferometer. With this technique, DLS optical coherence tomography (DLS-
OCT), or spatially resolved DLS (SR-DLS), both the diffusion and flow can be spatially
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resolved [91, 92]. Furthermore, DLS-OCT can be applied to very turbid samples, and the
multiple scattering can be filtered out [91]. DLS-OCT sensors are already commercially
available.

Finally, the particle size distribution can be measured in transmission with optical
spectroscopy [93]. When the particles are of the same order as the wavelength, the scat-
tering causes Mie resonances in the detected signal that can be used to fit a particle
size [94]. However, with complex particle size distributions, or small particles, there is
ambiguity between the size polydispersity and mean particle size. Also, the Mie reso-
nances are washed out for strongly polydisperse particle size distributions. Furthermore,
there are no Mie resonances present in the spectrum in the Rayleigh scattering regime.
In the absence of Mie resonances, the volume fraction of the particles needs to be known
in order to retrieve the mean particle size from the attenuation spectrum.

1.2.3. FLOW SPEED
Whereas optical methods are important for composition and particle sensing due to
their noninvasive nature, the flow speed is often measured non-optically. In fact, for
transparent media the flow speed is hardly measurable with optical methods at all, and
if so, only indirectly by using optical sensing in the detection method for fiber or micro-
electromechanical systems (MEMS) sensors [95, 96].

Instead, non-optical methods are readily available for flow sensing. An advantage
of many flow rate sensors is that they can be readily miniaturized as MEMS. There are
many mechanisms and measurement strategies for flow sensing with MEMS [97]. For ex-
ample, flow speed can be measured by differential pressure sensing [98]. Other sensors
locally heat the fluid and measure the temperature difference between two positions,
one upstream and one downstream [99, 100]. A third mechanism with which the flow
rate can be measured, is by the drag force on an object. For example, this can be a rod
or fiber placed into the flow. The flow is then measured by the displacement of the ob-
ject [95, 101]. A fourth technique utilizes the Coriolis effect to measure the mass flow.
The flow itself is guided in a narrow loop. This loop is brought to vibrate by an actua-
tor and the Coriolis force from the flowing mass brings a twist mode in the vibration of
the loop. This twist mode is detected by two sensors, placed at the position where the
vibrations have the largest amplitude [102, 103].

Optical measurements of the flow speed are possible in turbid media. In that case,
the flow speed is measured by light that is reflected or scattered from suspended par-
ticles. A straightforward approach is particle image velocimetry (PIV). With this tech-
nique, particle displacements are imaged and tracked across multiple frames [104]. This
can only be done if the particle suspension is sufficiently dilute such that the images of
the particles do not overlap. Also, the particles need to be large enough to individually
visualize them or they need to be fluorescently labeled.

A method to measure flow speed that is more suitable for industrial sensing, and
often applied in biomedical research, is laser Doppler velocimetry (LDV) [105]. Here,
the light is split into a reference and a sample beam. A Doppler shift in the sample arm
is detected from the interference with the field of the reference beam. The Doppler shift
is proportional to the flow speed in the direction of the beam.

The flow speed can be measured by means of DLS from the time decorrelation of the
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detected intensity of light scattered from a sample. This method is used in Chapter 4,
not only to measure the mean particle size, but also the flow speed. When a reference
field is used to increase the sensitivity, i.e., in a heterodyne detection scheme, DLS is very
similar to LDV.

A related technology is optical coherence tomography (OCT). This technique is also
similar to LDV, however it uses a broad spectrum and spectral interference, instead of
monochrome light. With Doppler OCT the frequency shift can be measured as a phase
shift in the spectral interference fringes [106, 107]. The Doppler shift can be converted
to the flow velocity in the direction of the optical beam.

OCT can also be used in combination with DLS, which makes it possible to mea-
sure the spatially resolved total flow speed [92, 107]. This can even be done in the sub-
diffusive regime with the use of number fluctuation DLS-OCT [107]. In addition, a mea-
surement of the spatially resolved velocity, and the flow direction, can be made, but this
requires adapted scanning and processing strategies [108, 109]. This is also possible with
the use of DLS OCT in combination with Doppler OCT [108, 110, 111]. Here, the Doppler
part of the signal is sensitive to the speed in the axial direction, and the DLS part of the
signal is sensitive to the total flow speed.

OCT has an advantage over LDV in that it is possible to measure the local flow speed
in arbitrary channels, whereas the LDV signal is an average of all flow speeds in the sam-
ple. This can be accounted for with prior knowledge of the laminar flow profile and
the optical properties of the medium. Furthermore, DLS OCT requires a spectrometer,
which is usually slower, hence it cannot measure very high flow speeds. Moreover, it is
more expensive than the photodiodes that are used in LDV and conventional DLS.

1.2.4. MULTIPARAMETER SENSING
The aforementioned methods are meant for direct detection of relevant sample param-
eters. However, sometimes these parameters cannot be measured directly and a related
parameter can be used as a proxy. For example, the chord length distribution as ob-
tained with FBRM is strongly related to the particle size distribution. With proper cali-
bration, FBRM alone is often sufficient for in-line monitoring of particle-size changes [7].
Although strategies exist to obtain the particle size distribution from the FBRM chord
length distribution, the reconstruction of the particle size distribution remains an ill-
posed problem [112]. Therefore, the addition of a second sensing method can be used to
overcome this ambiguity. FBRM can be combined with a second sensor based on in-line
microscopy [113], or laser diffraction analysis [114] to obtain a particle size distribution
from the FBRM chord length distribution.

Alternatively, multiple parameters can affect the same measured parameter. For ex-
ample, if the particle size is not close to the used wavelength for sensing nor is it mono-
disperse, the transmission spectrum is smoothened out and particle sizing becomes am-
biguous because the spectral shape is dependent on the volume fraction of the particles
and on the polydispersity of the size distribution. This ambiguity can be broken by mea-
suring additional parameters, for example the volume fraction, or the diffusion coeffi-
cient (DLS autocorrelation). Both are used in this work, and used for particle sizing in
Chapters 3 and 4.
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1.3. MEASURING OPTICAL PROPERTIES WITH INTERFEROMETRY

AND DLS
1.3.1. ATTENUATION OF LIGHT IN TRANSMISSION
In one dimension, light can be described as an electromagnetic plane wave with wave-
length λ and wavenumber k = 2π/λ, and field amplitude E0(k), and intensity amplitude
I0(k) = |E0(k)|2. Generally, any medium has two effects on the transmittance of an opti-
cal wave. First, the amplitude of the wave can decrease due to absorption or scattering,
and second, the phase can be retarded due to the refractive index of the medium. Both
effects are sketched in Fig. 1.4 for a sample with size L. The top light wave Esam goes
through the sample, whereas the bottom reference wave Eref does not. After passing
through the sample, the top wave has a lower amplitude and has a phase retardation
compared to the reference wave. In a scattering medium, the scattering decreases the

Phase shift

Amplitude decrease

Figure 1.4: Sketch of an optical wave in a transmission experiment. The electromagnetic wave Esam is attenu-
ated and delayed compared to Eref.

intensity of the light in the forward direction as illustrated by the decay in amplitude in
the sample. This decrease in amplitude can be measured, and, when L is known, related
to the attenuation spectrum µ(λ). This follows a Lambert-Beer-like expression[115, 116]

E(λ) = E0(λ)e−
1
2µ(λ)L , I (λ) = E 2(λ) = I0(λ)e−µ(λ)L . (1.1)

The intensity spectrum of the light after propagating through the sample is shown in
Fig. 1.5(a). Here, the transmission spectrum of the light that goes through a sample is
shown in red, and the reference transmittance that does not pass through the sample is
shown in blue.

In this work, the attenuation µ(λ) is a parameter used for particle sizing. When the
embedding medium is transparent, i.e., there is no molecular absorption, the attenua-
tion µ(λ) is determined only by the scattering attenuation: µ(λ) =µsca(λ). The scattering
attenuation is dependent on the volume fraction of particles, the particle size and the
correlation of the positions of the particles.

The scattering attenuation can be calculated from the particle size and refractive in-
dex with Mie scattering theory. An example is shown in Fig. 1.5(b). Here, the scattering
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100 nm

50 nm

Figure 1.5: (a) Transmission spectrum showing the intensity reduction due to scattering. (b) Example of an
attenuation spectrum for a = 100 nm (orange) and a = 50 nm (green) silica particles in water with a volume
fraction of 0.1.

attenuation is shown for silica particles with a volume fraction of fv = 0.1 suspended
in water. When the size parameter, x = 2πnm a/λ, with nm the refractive index of the
embedding medium and a the particle radius, is larger than, or around, unity, the Mie
spectrum has resonances that can be used for particle sizing. For dilute media, depen-
dent scattering effects, which arise from interference effects due to scattering from dense
particle ensembles, can often be neglected. However, the dependent scattering effect is
stronger for high particle volume fractions. This is further discussed in Chapter 3.

The second effect that media have on light waves is phase retardation. In Fig. 1.4
this is sketched as a decrease of the wavelength inside the medium. The effect of the
refractive index n(k) of a medium with length L can be seen in the phase of the complex
electric field E(k). The phase of the wave is not observable in the intensity, only in the
field. The phase shift between the wave through the sample Esam and the reference wave
Eref is∆φ= (n(k)−1)kL. Together with Eq. 1.1, the electric field Esam compared to Eref is
given by

Esam = E0e−
1
2µ(λ)Le i (n(k)−1)kL . (1.2)

Although the phase of the wave cannot be measured directly, the relative phase with a
reference wave can be measured. The phase shift, as shown in Fig. 1.4, can be measured
with spectral interferometry. With spectral interferometry, a reference field with a differ-

Spectrometer
Cuvette

Source

Beam splitters

L

Figure 1.6: Sketch of a Mach-Zehnder interferometer with measurement cuvette.
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ent path length δ, and therefore a different phase kδ, is added to the phase of the sample
field. This can be done with, for example, a Mach-Zehnder interferometer [45], as shown
in Fig. 1.6. Here, light with a broad spectrum is split into two arms, where one of them
goes through the sample. The fringe pattern caused by interference of the two beams is
detected on a spectrometer. An example of such a spectrum is shown in Fig. 1.7(a). The
spacing of the fringes is related to the refractive index, with increasing spectral frequency
being the signature of increasing sample refractive index, shown in Fig. 1.7(b).
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Figure 1.7: (a) Interference spectrum. (b) Group index spectrum of a = 100 nm silica particles in water with a
volume fraction of 0.1 determined from the interference spectrum.

The refractive properties are often specified by the group index ng and the group ve-
locity dispersion (GVD). The advantage of parametrization of the refractive properties
with ng compared to, for example, polynomial coefficients, is that they directly relate to
the refractive properties of the material over a spectral range. Both the group index and
the GVD are tabulated for many materials. Further discussion on the spectral interfer-
ometer, the group index and the GVD can be found in Chapter 2.

1.3.2. SIGNAL FLUCTUATIONS WITH DYNAMIC LIGHT SCATTERING
As indicated in the previous section, the particle size determined solely from the trans-
mission spectrum can be ambiguous. This ambiguity can be circumvented with an in-
dependent measurement of the particle size with DLS. In addition to size, DLS can also
be used to measure the flow speed of the particles.

A DLS measurement can be made by a simple detection of the backscattered inten-

Figure 1.8: (a) Sketch of homodyne dynamic light scattering setup. (b) Intensity fluctuations over time due to
particle diffusion for a = 25 nm particles (blue), and a = 100 nm particles (red), and (c) the autocorrelations of
the intensities of the signal in (b).
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sity over time. An example of a DLS setup is shown in Fig. 1.8(a). The intensity of the
backscattered light is the coherent summation of all backreflected waves. Because the
particle positions change over time due to the flow and Brownian motion, the phase of
the reflected fields varies in time leading to changes in the interference that gives rise to
intensity fluctuations. An example of these fluctuations is shown in Fig. 1.8(b) for par-
ticles with a radius of 25 nm (blue) and 100 nm (red). The signal of the smaller particles
shown in blue fluctuates at a much shorter time scale than the signal of the larger par-
ticles shown in red. The rate at which a fluctuating random signal varies in time can be
quantified by its autocorrelation function. For the intensity of the backscattered light,
the intensity time correlation g2(τ) for a particle suspension under flow and illuminated
with a Gaussian beam is given by [117]

g2(τ) = 〈Idet(t )Idet(t +τ)〉τ
I 2

det

= Ae−2Dq2τe−2v2τ2/w2
0 . (1.3)

Here, the intensity detected with a detector at time t is given by Idet(t ), τ a time delay
after time t , where A depends on the signal-to-noise ratio of the data, q is the length of
the scattering vector given by q = 2nmk for backreflected light, and v is the speed of the
particles. The constant w0 is the Gaussian beam waist at the focal point. The parameter
D is the diffusion coefficient that relates the Brownian motion to the particle size through
the Stokes Einstein equation [118–120]

D = kB T

6πηa
, (1.4)

where kB is the Boltzmann constant, T is the temperature and η is the viscosity. The
particle size can be obtained from the diffusion constant D which is obtained from a fit
of the autocorrelation function to Eq. 1.3.

Figure 1.9: Sketch of a heterodyne dynamic light scattering setup

In a homodyne DLS experiment, as shown in Fig. 1.8(a), the light is directly detected
after scattering from the particles in the medium. However, the DLS sensitivity can be
increased with the addition of a reference signal. An example can be seen in Fig. 1.9,
where the reference is created from the light source by splitting off some light and mixing
it with the field reflected from the sample.
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Figure 1.10: The effect of flow on the autocorrelation. (a) The DLS signal from the sides of the flow profile with
flow speed v(z) = vmax. (b) The DLS signal from the center of the flow with flow speed v(z) = vmax. (c) The
autocorrelations for v(z) = 0 and v(z) = vmax as given by Eq. 1.5.

This configuration of DLS detection is called heterodyne DLS. Heterodyne detection
has two main advantages over homodyne detection. First, a low sample signal can be
amplified with the addition of the reference beam. Second, in heterodyne detection, the
field time correlation is the square root of the intensity correlation. It therefore decor-
relates more slowly, hence smaller particles with faster dynamics can be detected easier.
The field autocorrelation of a particle suspension under flow illuminated with a Gaus-
sian beam is given by[117]

g1(τ) = Ae−Dq2τe−v2τ2/w2
0 e i qvzτ . (1.5)

The complex-valued component is caused by the Doppler shift when the particle moves
in the direction of the beam. Therefore, it depends on the speed in the axial direction
vz . The latter two exponents in Eq. 1.5 need to be determined or compensated for the
flow in order to determine the diffusion from the remaining part. Alternatively, when the
diffusion is known it can also be used for measurement of the flow speed, when properly
calibrated.

The effect of flow on the DLS signal is shown in Fig. 1.10. For sufficiently low flow
speeds compared to the channel cross section, the fluid flow can be considered laminar.
In a wide rectangular channel spanning a depth range from 0 to L, the flow speed of a
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laminar flow is given by a parabolic flow speed profile [121],

v(z) = 6Q

L3W
z(z −L) . (1.6)

Here, L is again the width of the channel in the axial direction, and W the size of the
channel in the lateral direction with W ≫ L.

Examples of two autocorrelation functions for flowing particles illuminated by a Gaus-
sian beam are given in Fig. 1.10(a) and (b). The signal in Fig. 1.10(a) is the intensity at the
detector that is scattered from particles near the edge of the flow cell where the speed is
zero. Therefore, only the diffusive term is present in the signal. In Fig. 1.10(b), the fluc-
tuations in the signal are stronger, and less correlated, due to the effect of the high flow
speed in the center of the channel.

In Fig. 1.10(c), the real-valued autocorrelation functions g1 for the two signals are
shown. The autocorrelation shown in blue decays with a single exponential, whereas
the autocorrelation shown in red is also multiplied with the Gaussian flow term. Close
to τ = 0, the decay rates are equal, but for larger τ, the Gaussian term becomes much
stronger than the single exponential diffusive term.

In reality, the DLS signals for different depths cannot be measured separately, unless
by means of DLS-OCT. Eq. 1.5 only applies to a single flow speed, therefore the result-
ing autocorrelation is averaged over the flow velocity that varies over the channel width.
When the dimensions of the channel are known in advance and the flow is laminar, a
DLS measurement can be used simultaneously for a flow speed measurement and for
particle sizing. This method is further described in Chapter 4.

1.4. THE CONCENTRATION DEPENDENT SCATTERING EFFECT
The optical properties of a scattering medium depend on the volume fraction of the
scatterers. For low concentration, the attenuation increases linearly with concentration.
The nonlinear dependence of the optical properties on the concentration of scatterers
is called ‘dependent scattering’, or sometimes the ‘dependent scattering effect’. Usually,
this term only refers to the attenuation, or the imaginary part of the complex refractive
index. However, the term ‘dependent scattering’ is somewhat vague. Particularly, if it is
left implicit what the scattering depends on. Consequently, the use of terminology and
even the cause of the dependent scattering effects has attracted some controversy [122–
126].

The propagation of light through a scattering medium may depend on the density of
scatterers in three mechanisms: multiple scattering, far-field interference and near-field
effects. These three mechanisms are sketched in Fig. 1.11.

Multiple scattering in a dense medium is an N body problem. The electric field at
position r in a group of discrete scatterers E (r ) is sketched in Fig. 1.11(a) and is given by
the Foldy-Lax equation,

E (r ) = E0(r )+
N∑
i

←→
G (ri − r )E (ri ) . (1.7)

The local field at a scatterer E (ri ), in turn, depends on the field radiated by all other scat-
terers. How the local field E (r ) depends on the field at a scatterer E (ri ) is described by
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the, for now arbitrary, scattering operator
←→
G . Note the vectorial nature of the equation,

where the operator
←→
G may couple the polarization directions of the electric field. One

method to solve Eq. 1.7 is to start with the Born approximation. This means that the lo-
cal field is approximated with the driving field: E (r ) = E0(r ). Subsequently, the resulting
scattered field is then used to correct the local field E (ri ) at each scatterer, resulting in
the Born series. This process can be iterated to obtain a final solution.

The coupling
←→
G (r ) depends on the properties of the particles themselves. When the

scattering cross section of the particles is small, the local electric field can be approxi-
mated as the incoming field E0 (the Born approximation). This greatly simplifies Eq. 1.7
and means that multiple scattering events are ignored. The optical properties of the
medium may still depend on the particle volume fraction due to interference of the scat-
tered wave, as sketched in Fig. 1.11(b). Both particles are radiating a wave with the same
frequency, but with a phase difference since the waves are received and emitted from
different positions r0 and r1, since they are both driven by the same field E0(r ). These
fields interfere at a large distance R from the particles with waves that have a phase dif-
ference ∆φ, which depends only on the relative distance between the two particles. A
derivation of the effect of far-field interference on the scattering attenuation is given in
Chapter 3.

(a)

Ei = E0 +
∑

i ̸=j GijEj

r0

r1

r2

r3

(b)

r0

r1

R

|r0
− r1

|

∆ϕ

(c)

E(r)

Figure 1.11: Example of (a) multiple scattering. The field at ri is given by the sum of all contributions from all
other particles at positions ri ̸= j , as given by Eq. 1.7. (b) far-field interference. The field at position R is the
sum of the fields emitted by the particles at r0 and r j . (c) near-field effects due to a dipole field E (r ).

Near-field effects, as depicted with a dipole in Fig. 1.11(c), may be argued to alter the
single particle scattering [127]. However, it is the local field E (ri ) that is influenced by the

presence of other particles, not the scattering operator
←→
G . Therefore, in a strict sense,

it can only play a role in combination with multiple scattering. For the imaginary part
of the refractive index, the local field effects only play a role when the average distance
between the particles is very small. Near-field effects only become relevant from volume
fractions larger than 0.3 [128].

The near-field effects are described in the Green’s function
←→
G (r ) in Eq. 1.7, which,

for dipole scattering, is given by

←→
G (r ) =

[(
3r̂ ⊗ r̂ −←→

I
)(

1

k3r 3 − i

k2r 2

)
× 1

kr
(r̂ ⊗ r̂ −←→

I )

]
exp(i kr ) . (1.8)

Here, k is the wavenumber of the wave, ⊗ the dyadic outer product, and
←→
I the unit
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dyadic. The terms that decay with 1/r , are the same spherical waves that cause the far-
field interference. The 1/r 2 and 1/r 3 terms correspond to the intermediate and near-
field zones. Because the latter two decay much faster with distance, near-field effects are
often small. Since the Mie solution for spherical particles can be expanded in a series of
multipoles [129, 130], a similar reasoning for the near-field effects of Mie scatterers can
be made.

In this thesis, dependent scattering is considered to be any nonlinear relation of the
bulk optical properties of a scattering material with the volume fraction of scatterers, a
definition also used by other authors [131]. This means that it includes multiple scatter-
ing, far-field interference, and near-field effects, i.e., all three mechanisms depicted in
Fig. 1.11.

Another definition of dependent scattering is that the scattered power of a parti-
cle depends on the presence of near particles, which is distinct from multiple scatter-
ing [127]. This would only include near-field effects, as sketched in Fig. 1.11(c). This
view has drawn some negative attention [123, 126], because the scattering of the particle
itself does not change, only the local field that it scattered on the particle.

A third definition of dependent scattering is the dependence of optical properties on
the correlations in particle positions [132]. This is virtually the same as the definition
used in this thesis, because it is precisely these correlations that cause the nonlinear
volume fraction dependence of the scattering. This definition leaves some ambiguity for
strongly forward-scattering particles [133] or higher harmonic generation in disordered
media [134, 135], but this is outside the scope of this thesis.

Multiple scattering of a coherent wave is present when higher-order terms of the
Born series are needed to model the light propagation in a medium [126]. Whereas some
authors consider dependent scattering as distinct from multiple scattering [127, 136],
the consensus seems to be that multiple scattering is one of the causes of dependent
scattering [123, 126]. Admittedly, this question is mostly semantic.

This leads to the question what ‘independent scattering’ is. According to Eq. 1.7,
there is always some interaction if the number of particles in a system is larger than 1.
Therefore, there is no such thing as fully independent scattering for coherent waves [126].
It depends on the level of accuracy that is needed whether a scattering process can be
considered independent, and any volume fraction cutoff will be arbitrary.

1.5. THIS THESIS
Chapter 2 describes the experimental setup with which the optical parameters of trans-
parent and turbid media were measured. The setup is a spectral Mach-Zehnder interfer-
ometer with a supercontinuum laser source. With this interferometer the group refrac-
tive index and group velocity dispersion (GVD) of water dilutions of ethanol and glycerol
were measured in the wavelength range between 400 nm and 930 nm. In addition to
these parameters, the scattering attenuation of water dilutions of Intralipid were mea-
sured. It was shown that the volume fraction of binary mixtures of both turbid and trans-
parent media can be quantified.

In Chapter 3, the interferometer as described in Chapter 2 was used to measure the
scattering attenuation, the group index and the GVD for various dilutions of 100 nm sil-
ica nanoparticles in water. It was found that, on top of the well known dependent scat-
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tering effects in the scattering attenuation, there is a small and subtle volume fraction
effect on the real part of the effective index of the medium as well. This effect can be
properly described with a refractive index model that takes into account the spatial cor-
relations of suspended particles.

In Chapter 4, a multi-parameter approach was used for the real-time in-line and
in-flow measurement of the flow speed and particle size distribution for dilutions of
monodisperse sodium silicate particles in water, and an Intralipid dilution with a parti-
cle size distribution that was gradually altered over time with an incremental addition of
HCl. For this, the interferometer was changed such that a heterodyne DLS measurement
could be made together with the transmission measurements as described in Chapters
2 and 3. Heterodyne DLS was used to measure the mean particle size, which was com-
bined with the transmission spectrum and a model for the dependent Mie scattering to
reconstruct the particle size distribution. These calculations required the volume frac-
tion of the particles, which was obtained from the measured group index. The work in
this Chapter demonstrates the feasibility of real-time multi-parameter sensing of flow
speed, particle size, and volume fraction of flowing particle suspensions.

This thesis concludes with suggestions for future research on the bulk optical prop-
erties of scattering media, and the applicability of the effective medium theories used in
this thesis for larger particles. In addition, ideas are proposed for signal and data pro-
cessing techniques for multi-parameter flow sensing in both laboratory and industrial
settings. Furthermore, considerations are given for the applicability and feasibility of
the methods used in this thesis for both industrial applications and miniaturization.
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2
MEASURING OPTICAL PROPERTIES

OF CLEAR AND TURBID MEDIA WITH

BROADBAND SPECTRAL

INTERFEROMETRY

The group index (ng ), group velocity dispersion (GVD), and the scattering attenuation co-
efficient µsca were measured for dilutions of glycerol, ethanol and Intralipid 20% with wa-
ter. The experiments were performed with a supercontinuum laser based Mach-Zehnder
spectroscopic interferometric setup for wavelengths between 400 nm and 930 nm. All opti-
cal properties could be retrieved from a single calibrated measurement of the interference
spectrum. The scattering attenuation was determined from the envelope of the interfer-
ence. The group index and the GVD were retrieved from the unwrapped spectral phase.
It was found that the group indices of glycerol and ethanol dilutions are in accordance
with the Lorentz-Lorenz mixing formula. The scattering attenuation matches well to a
semi-empirical model based on the Twerksy effective packing fraction.

2.1. INTRODUCTION
Optical characterization of liquids has been done for centuries [2] and is used for study-
ing both fluid dynamic processes and fluid composition. The non-invasive nature of
light makes it particularly suitable for sensing fluid optical properties such as the atten-
uation, caused by both absorption and scattering, and the refractive index. Measure-
ment of the attenuation coefficient is, among others, used for characterization of hu-
man milk [3], blood [4], or quality control of water [5] or dairy products [6]. Likewise,
refractive index sensing can provide valuable information about a sample, for example

Parts of this chapter have been published in P.N.A. Speets and J. Kalkman, Measuring optical properties of clear
and turbid media with broadband spectral interferometry, Applied Optics, 62, 4349-4358 (2023).[1]

27



2

28
2. MEASURING OPTICAL PROPERTIES OF CLEAR AND TURBID MEDIA WITH BROADBAND

SPECTRAL INTERFEROMETRY

to distinguish blood groups [7], or to measure glucose content [8] or water salinity [9].
The dispersion of the refractive index can be considered as valuable additional informa-
tion. Similar to the refractive index itself, it was used to determine the concentration of
glucose [10, 11], salinity [10], or the amount of hemoglobin in red blood cells [12].

An established technique to measure the attenuation coefficient of a sample is by
means of double integrating spheres [6, 13]. Although this can be used for spectral at-
tenuation measurements, measurement of the refractive index of the sample is not pos-
sible since all path length information is lost with this technique. In turn, very sensitive
techniques to measure the refractive index are by means of tapered optical fibers [14] or
microresonators [15, 16]. An advantage of these sensors is that they can be functional-
ized for high specificity [14, 17]. However, these techniques are not compatible with a
simultaneous measurement of the attenuation coefficient.

An old, but widely used, technique to measure the refractive index is by measure-
ment of the critical or the Brewster angle. With this method, it is possible to simultane-
ously determine the refractive index and the attenuation coefficient [18–20]. For these
methods, the scattering needs to be taken into account in the Fresnel equations [21].
However, the critical angle can be difficult to accurately determine for absorbing or strong-
ly scattering media [22, 23]. In addition, the maximum refractive index that can be
measured is limited by the refractive index of the prism or half cylinder that is used in
the measurement. Moreover, multiple wavelengths cannot be measured simultaneously
and need to be measured consecutively.

The attenuation coefficient and refractive index can also be measured with optical
coherence tomography (OCT). In the case of reflection OCT, the signal attenuation coef-
ficient of the sample can be fitted to the exponential decay of the intensity with respect to
the optical path length [4, 24–27]. The dispersion of the refractive index can be obtained
with reflection OCT by fitting the phase to the PSF of a strong reflector or speckle [28].
A second method to measure the refractive properties with reflection OCT is with the
spatial displacement between the Fourier transform of different parts of the measured
spectrum [29]. Obviously, the need for backscattering requires a turbid medium and is
not applicable to transparent samples.

With transmission OCT the attenuation coefficient, group index, and GVD can be
measured simultaneously. If the intensity of both arms of the interferometer is mea-
sured separately, the attenuation coefficient can be measured straightforwardly from the
transmission. The transmittance of a sample can also be measured from the height of
the optical path length (OPL) peak [11] or with a low pass filter on the interference sig-
nal [30]. The group index and the GVD are obtained from the phase of the interference
signal [11, 31]. The combined measurement of attenuation and group index can even be
spatially mapped in 3D [32].

In this work, we applied broadband transmission OCT to simultaneously measure
the wavelength dependence of the group index ng , GVD, and the optical attenuation of
clear fluids and turbid media in a single shot. The large bandwidth allows for a highly
accurate determination of ng and GVD. This setup was used to measure the group index
and GVD of glycerol, ethanol, and Intralipid at different concentrations. In addition, the
scattering coefficient of suspensions of Intralipid 20% dilutions was measured. The re-
fractive index and attenuation coefficient were compared to models based on literature
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values of the fluid components.

2.2. THEORY

2.2.1. THE INTERFEROMETRIC SIGNAL
To obtain both amplitude and phase information we use spectral interferometry, as sche-
matically shown in Fig. 2.1. The light from the source, with wavenumber k = 2π/λ and
spectral density S(k), passes a beam splitter with intensity splitting ratio α. We assume
ballistic light interaction with the sample. Hence, the intensity in the sample is exponen-
tially attenuated by absorption, characterized by µa(k), and scattering, characterized by
µs (k) over a length L. The phase of the signal is determined by the refractive index n(k)
of the sample. The intensity as measured with the spectrometer Itot(k) can be consid-
ered as the sum of the intensity of the sample arm Isam(k), the reference arm Iref(k) and
the interference Iint(k)

Itot(k) = Isam(k)+ Iref(k)+ Iint(k) . (2.1)

The light through the sample is recombined with the reference by a second beam splitter
with intensity splitting ratio α. Assuming negligible absorption, the detected field from
the sample arm is

Esam(k) =
√

S(k)
√
α(1−α)e−

1
2µs (k)Lei n(k)kL . (2.2)

With the reference field propagating in air, i.e., n = 1, the detected field from the refer-
ence arm is

Eref(k) =
√

S(k)
√

(1−α)αei kδ . (2.3)

Here δ is the difference in path length in air between the sample arm and the reference
arm. Combining Equation 2.2 and 2.3 and removing the constant intensities results in
the interference intensity

Spectrometer

Source spectrum S(k)

𝐿

Reference arm

I

k

Sample: ,

Beam splitter

Beam splitter

Figure 2.1: Schematic overview of the spectral interferometric setup. Light from a broadband source is split
into a reference arm and a sample arm. The amplitude through the sample arm is attenuated by the sample.
The phase of the light through the sample arm is delayed by the refractive index of the sample.
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Iint(k) = 2S(k)α(1−α) e−
1
2µs (k)L cos(kδ−n(k)kL) . (2.4)

The cosine part of the interference term of Eq. (2.4) consists of a phase delay due to the
refractive index of the sample and a constant phase offset given by the path length dif-
ference δ. The optical path length distribution of the transmitted light is given by the
inverse Fourier transform of the interference intensity.

The phase of the cosine term φ = (kδ−n(k)kL) varies with k and can be obtained
from the interference intensity using a Hilbert transform, denoted by H . The Hilbert
transform rotates the Fourier transform of the signal with − 1

2π in the complex plane
and inverts the sign of the negative frequencies. This transforms the cosine term in a
sine term. The complex-valued interference spectrum Ĩint(k) can then be obtained by
combining Eq. 2.4 with the Hilbert transform as

Ĩint(k) = Iint(k)+ iH {Iint(k)} . (2.5)

The phase φ(k) of the interference is then obtained from the Eq. 2.5 in the conventional
way as

φ(k) = arctan

(
Im

{
Ĩint(k)

}

Re
{

Ĩint(k)
}
)

. (2.6)

Similarly, the envelope of the interference spectrum can be calculated with the absolute
value of Eq. 2.5. The intensity transmittance with respect to a calibration sample can be
obtained by taking the ratio of the envelopes of the interference signal. This is given by

T (k) =
∣∣Ĩ sam

int (k)
∣∣2

∣∣Ĩ cal
int (k)

∣∣2 . (2.7)

Here T (k) is the transmittance of the sample, Ĩ sam
int (k) and Ĩ cal

int (k) the complex interfer-
ence spectrum of the sample of interest and the spectrum of a calibration sample. The
attenuation follows from T (k) = exp(−µ(k)L).

2.2.2. PARAMETRIZATION OF THE REFRACTIVE INDEX
In the visible and near infrared regions that are far from molecular absorption peaks, the
refractive index n(k) is well described by the Cauchy equation[33]. This is a polynomial
parametrization that is monotonically decreasing with wavelength. With the Cauchy
equation the interferometric phase is given by

φ(k) = n(k)Lk +2πN =
∑
m
φmkm , (2.8)

with N the number of full wavelengths λ that fit into the distance L and φm a set of
empirical parameters. The phase φ(k) is used to calculate the group index ng by

ng = n +k dn
dk = L−1 dφ

dk
(2.9)

and the GVD
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GV D = 2

c2

d n(k)

dk
+ k

c2

d 2n(k)

dk2 = 1

Lc2

d 2φ(k)

dk2 , (2.10)

with c the speed of light in vacuum. Therefore, when the phase φ(k) is determined from
the complex-valued interference signal of Eq. 2.4, the group refractive index and GVD of
the sample can be determined.

2.2.3. THE REFRACTIVE INDEX OF MOLECULAR MIXTURES
The refractive index of a mixture of molecular components is, for many mixtures, well
approximated by the Arago-Biot equation [34]. For a two-component mixture the Arago-
Biot approximation for the refractive index of the mixture is

nmix(k) = fv n1(k)+ (1− fv )n2(k) , (2.11)

with fv the volume fraction of the solute and n1(k) and n2(k) the refractive indices of
component 1 and 2, respectively. The Arago-Biot equation holds well for mixtures where
the mass density of the mixture is the volume-weighted average of the two components.
For mixtures where the mass density ρmix depends non-linearly on the volume fraction
fv , e.g., due to strong inter-molecular interactions, an improved model is the Lorentz-
Lorenz mixing formula [35, 36]. The Lorentz-Lorenz model for the refractive index can
be derived by considering the medium as a collection of coupled dipole oscillators.

(a)
r

r0

E(r)=E0(r)+αk2G0E(r0)

(b)

z

s

2π
k

2π
km

L

(c)

z

s

R

L

Figure 2.2: (a) A sketch of a dipole and the field at position r given by Eq. 2.12. (b) Sketch of a wave inside a
cylinder. Outside the cylinder the wavenumber is given by k, and inside the wavenumber is km = nk. (c) A
sphere with radius R inside a cylinder for the substitution in Eq. 2.17.

When a dipole at position r0 with polarizabilityα is driven by an oscillating external field
E0(r ), the dipole radiates a wave with the same frequency. Dropping the polarization
and time dependence, the resulting field E(r ) is given by [37]

E(r ) = E0(r )+αk2G0E(r0) , (2.12)

where G0 is the Green’s function. For large distances from the dipole, the wave scattered
from the dipole can be considered as a spherical wave. In this case, the Green’s function
is

G0(r − r0) = e i k|r−r0|

|r − r0|
. (2.13)

Equations 2.12 and 2.13 are schematically illustrated in Fig. 2.2(a). To describe a medium
with a constant dipole density ρ, Eq. 2.12 is averaged over the medium and the total field
is the integral over the volume V
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E(r ) = E0(r )+αρk2
∫

V
G0(r − r ′)E(r ′)dr ′ . (2.14)

Here, the field inside the medium E appears on both sides of the integral and hence
Eq. 2.14 is difficult to solve. Since we consider the solutions to be plane waves inside the
dielectric material, we consider an infinitely wide cylindrical slab of dielectric material
of length L. This is sketched in Fig. 2.2(b). The external driving field E0 is a plane wave
given by A0e i kz . We can write the field inside the medium as a superposition of two
counterpropagating waves in the axial direction z [38]:

E(z) = A+e i km z + A−e−i km z . (2.15)

Here A± are the amplitudes of the forward and backward traveling waves and the wave-
number km = nk is the resultant wavenumber in the medium given by the superposition
of all the scattered waves in the medium. The resulting integral equation in cylindrical
coordinates is given by

A+e i km z + A−e−i km z = A0e i kz +αρk2
∫ L

0

∫ ∞

0

∫ 2π

0

(
A+e i km z ′ + A−e−i km z ′

) e i kR

R
s dθds dz ′ .

(2.16)
Here s the radial coordinate, R is the distance between a point z on the z-axis and a
point in the medium given by R =

√
s2 + (z ′− z)2, as shown in Fig. 2.2(c). The integral

equation Eq. 2.16 has no valid solution. However, since R > |z ′− z|, the fraction s/R can
be expanded as

s

R
=

√
1− (z − z ′)2

R2 = 1− 1

2

(z ′− z)2

R2 +O

(
(z ′− z)4

R4

)
≈ 1. (2.17)

By keeping only the first term, which is unity, this approximation fully eliminates the
dependence on s and R outside the exponent. Changing the integral limits of the inte-
gral over z with L →∞ will not change the calculated refractive index at the end of the
calculation, but it simplifies the calculation. After substituting ds → dR and changing
corresponding integral bounds, the integral on the right hand side of Eq. 2.16 is then
given by

αρk2
∫ ∞

0

∫ ∞

|z ′−z|

∫ 2π

0

(
A+e i km z ′ + A−e−i km z ′

)
e i kR dθdR dz ′ . (2.18)

After evaluation of this integral, Eq. 2.16 can be written as

2παρk2

(km −k)(km +k)

(
2k A+e i km z +2k A−e−i km z − (

A−(k −km)+ A+(k +km)
)

e i kz
)
=

A+e i km z + A−e−i km z − A0e i kz .

(2.19)

Since Eq. 2.19 must be valid for all z, the amplitudes of the same exponents can be
equated which relates the amplitudes A± to the amplitude of the driving field A0. The
amplitude of the exponent e i kz on the left-hand side must be equal to the amplitude of
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the exponent e i kz on the right-hand side of Eq. 2.19. This means that the driving field
A0e i kz is fully dampened with the field

A0e i kz = 2παρk2e i kz

(km −k)(km −k)

(
A+(k +km)− A−(k −km)

)
e i kz . (2.20)

The driving field with frequency k is fully attenuated in the medium, as described by
the Ewald-Oseen extinction theorem. This theorem was already tacitly assumed in the
ansatz given by Eq. 2.15. Here, it was assumed that there exists a meaningful refractive
index, and the wavenumber of the wave traveling through the medium is given by km .
Therefore, there is no ballistic light with speed c, but the speed of the resultant wave of
the superposition of all scattered light waves A±e±i km z is given by c/n.

Reaping the amplitudes of the exponents e i km z together gives the fraction of the am-
plitudes of the forward and backward propagating waves A+/A−. Equating all ampli-
tudes by setting z = 0, and using the relations obtained above for the terms with e i kz and
e±i km z , the polarizability α can be expressed as

4παρ = n2 −1. (2.21)

Interestingly, this relation leads to the Sellmeier-Drude mixing formula [39, 40], also
known as the Newton mixing formula [41–43].

Figure 2.3: Example of a Lorentz cavity. The surface charge is induced by the driving field Ez .

In order to obtain the Lorentz-Lorenz equation, the finite size of the molecules must be
considered [44–46]. An example of a finite dipole is shown in Fig. 2.3. The molecule is
modeled as a single dipole in an empty sphere, called the Lorentz cavity. When this cavity
is placed into an electric field, such as the field of a light wave, the dipoles in the medium
align with the applied field. This creases a small surface charge σp on the inside of the
cavity. When the size of the dipole is small compared to the wavelength, the driving field
is assumed to be constant over the diameter of the cavity, and this surface charge is given
byσp =αρE ·n̂ with n̂ the unit normal vector to the surface of the cavity. The field of this
surface charge at the center of the cavity ELC is given by [45]

ELC (z) =
∫

S

σp (R)

|R |4 dS = 2παρE(z)
∫ π

0
cos2(θ)sin(θ)dθ

= 4π

3
αρE(z) = 4π

3
αρ

(
A+e i km z + A−e−i km z

)
.

(2.22)
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Here, R is a position on the surface of the sphere, and S the surface of the sphere. We can
add the effect of this local field ELC(z) to Eq. 2.16 as

E(z) = E0(z)+αρk2
∫

V
G0E(r )dr +ELC(z) , (2.23)

where the first three terms are the same as Eq. 2.16, and reaping the amplitudes together
in a similar procedure as described above, the polarizability is given by the Lorentz-
Lorenz equation:

αρ = 3(n2 −1)

4π(n2 +2)
. (2.24)

The Lorentz-Lorenz mixing formula can be calculated by solving Eq. 2.24 for a binary
mixture. This results in

n2
mix(k)−1

n2
mix(k)+2

fvρ1 + (1− fv )ρ2

ρmix( fv )
= fv

n2
1(k)−1

n2
1(k)+2

+ (1− fv )
n2

2(k)−1

n2
2(k)+2

. (2.25)

Here, nmix(k) is the refractive index of the mixture, ρ1 and ρ2 are the mass densities of
components 1 and 2, respectively. The Lorentz-Lorenz mixing formula explicitly incor-
porates the mass density of the mixture ρmix( fv ), which may non-linearly depend on the
volume fraction fv .

2.2.4. THE ATTENUATION COEFFICIENT OF A SCATTERING MEDIUM
For suspensions with a wide particle size distribution, e.g., Intralipid, the wavelength
dependence of the scattering coefficient of Intralipid can be described with a power
law [47]

µs = Aλ−α , (2.26)

with A a proportionality constant, λ the wavelength and α an empirical parameter. For
particles in the Rayleigh regime, α= 4.

Dependent scattering effects on the attenuation coefficient can be modelled with the
Twersky effective packing fraction W [48, 49], which is defined as

W = fv

(
(1− fv )p+1

1+ fv (p −1)p−1

)
, (2.27)

with p the packing dimension, which is exactly 3 for monodisperse hard sphere particles.
The packing dimension decreases for particles that can be packed more efficiently than
hard spheres. Therefore, it is expected that p < 3 for anisotropic particles or polydisperse
particle size distributions. The dependent scattering coefficient can be modeled with the
effective packing fraction as

µs (λ) = Aλ−αW = Aλ−α fv

(
(1− fv )p+1

1+ fv (p −1)p−1

)
. (2.28)
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Figure 2.4: Overview of the broadband spectral interferometry setup. DM, BS, ND indicate the dichroic mirror,
the beam splitter and the neutral density filter, respectively.

2.3. METHODS AND MATERIALS

2.3.1. EXPERIMENTAL SETUP
A schematic of the experimental setup is shown in Fig. 2.4. The light source is a super-
continuum laser (EVO EUL-10, NKT) that has a collimator at the end of its fiber. The
laser is operated at maximum power to emit the light with optimal stability and to ob-
tain the maximum spectral bandwidth. The infrared part of the light is filtered from the
spectrum by a dichroic mirror (DMLP950, Thorlabs) that reflects wavelengths between
400 nm and 950 nm. The light within the visible wavelength band is attenuated by two
neutral density filters (ND4A and ND10A, Thorlabs). Subsequently, the light is split into
the reference arm and the sample arm by a 50-50 beam splitter (BS013, Thorlabs) for
the glycerol and ethanol measurements and a 10-90 beamsplitter (BS025, Thorlabs) for
the Intralipid measurements, directing more power to the sample to compensate for the
lower transmittance. The collimated beam passes through the sample without any fo-
cusing.

In the reference arm, a neutral density filter (NDC-100C-4M, Thorlabs) is placed,
but set to the transparent area for the glycerol and ethanol measurements. For the In-
tralipid measurements, the filter wheel was set such that the intensity of the reference
arm was close to the intensity of the light transmitted through the sample. The light is
recombined with a 50-50 beam splitter (BS013, Thorlabs). The recombined beam passes
through an iris (SM05D5D, Thorlabs) set at the smallest diameter of 0.7 mm. The spec-
trum is measured with a 2046 pixel spectrometer (FX VIS-NIR, Ocean Optics). When
feasible, the optical components were connected with a cage system. The system was
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enclosed in a shielded environment to avoid air current variations and ensure safe oper-
ation.

2.3.2. SAMPLE PREPARATION AND METHODS
A cuvette with an inner width of 500 µm (106-0.50-40, Hellma) was used for the measure-
ments with the glycerol dilutions. The lower viscosity of ethanol allowed for the use of a
larger flow cell of 1000 µm (45/Q/1, Starna). Due to the high scattering of the undiluted
Intralipid, a thinner 200 µm flow cell (45/Q/0.2, Starna) was used that still transmits for
these concentrations.

The glycerol (M152-1L, Amresco), ethanol (99.8% 1L, Riedel-de Haën) and Intralipid
(I141-100ML, Sigma-Aldrich) were diluted with demineralized water (Milli-Q 15 MΩcm).
For the glycerol measurement the cuvette was cleaned with isopropanol between each
measurement. Before each measurement on ethanol or Intralipid dilutions, the previous
sample was flushed out by air and demineralized water. The mixture was introduced to
the flow cell by a BD10 Luer-Lock syringe while the flow cell was maintained at the exact
same location. The setup was calibrated with phase and attenuation measurements of
demineralized water.

The optical path length difference between the reference arm and the sample arm
was set between 50 µm and 100 µm, well below the maximum optical path length dif-
ference of 340 µm for this setup. The exposure time of the spectrometer was varied be-
tween each measurement such that each measurement could use a large portion of the
dynamic range of the spectrometer. This was 100 µs for both the glycerol and ethanol
measurements, and their calibration measurements. For Intralipid this was 1 ms for the
lowest volume fraction to 5 ms for the highest volume fraction. For the calibration of the
Intralipid measurements, the exposure time of the spectrometer was set to 200 µs. The
number of spectra ranged from 2000 to 20 000 such that the noise in the light source,
the shot noise, and the electronic noise was properly averaged out. The background
spectrum was measured by blocking both arms and was subtracted from each measured
spectrum for each different integration time.

2.3.3. DATA ANALYSIS
The analysis of the spectrum of a measurement is summarized in the flow chart shown
in Fig. 2.5 with as the first step the measured spectrum Imeasured(λ). As an example, the
analysis steps of the spectrum of a measurement of an Intralipid dilution of 2.27 vol.% in
water is shown in Fig. 2.6.

In the first step, a wavelength range is selected in which there is sufficient signal; de-
termined by the spectrum of the light source, dichroic mirror, the response of the grat-
ing and sensor in the spectrometer, and the attenuation of the sample. The resulting
spectrum is Itot(λ). For the glycerol and ethanol dilutions, wavelengths between 400
and 930 nm were used. For low wavelengths, the measurements of the Intralipid dilu-
tions were strongly attenuated. Therefore, the lower wavelength bound was increased
for higher volume fractions of Intralipid. For the volume fractions between 2.27 vol.%
and 13.62 vol.% the lower bound was set to 460 nm, for the volume fractions 15.59 vol.%
and 18.16 vol.% this was 480 nm and for the volume fraction of 20.43 vol.% soy oil in
water and undiluted Intralipid (22.7 vol.%) this was 500 nm.
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Figure 2.6: Measured spectra of water and an Intralipid dilution with 2.27 vol.% oil particles in water (a).
Fourier transform of aforementioned spectra (b). The dashed vertical lines indicate the bandpass filter. The
filtered interference (c). Transmittance of the Intralipid (d) and derivative of the phase φ(k) of Intralipid (e).

In the second step, the measured spectrum is interpolated from the wavelength do-
main to linear wavenumbers with the Scipy [50] interp1d function. The interpolated
interference spectra of the Intralipid dilution and its reference water measurement are
shown in Fig. 2.6(a).
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In the third step, the spectral data is inverse Fourier transformed to the spatial do-
main. The absolute value of the inverse Fourier transform is shown in Fig. 2.6(b). The
peaks around 85 µm correspond to the optical path length difference between the refer-
ence arm and the sample arm. The shape of these peaks is determined by the envelope
of the interference spectrum and the dispersion caused by the sample and the optical
elements.

In the fourth step, the Fourier transform of the pure interference term, as shown in
Eq. (2.4), was obtained by applying a bandpass filter to the signal. The boundaries of the
bandpass filter are indicated with dashed lines in Fig. 2.6(b), with the colors indicating
the edge for the different substances. Because the Fourier peak is not symmetric, the
bounds of the bandpass filter are separately calculated for the left and the right side. The
bounds are taken to be eight times the distance between the position of the maximum
value and the position at half the maximum value of the envelope corrected peak. For the
measurements shown in Fig. 2.6(b), the lower bound is set at 68 µm. The upper bound
was set for the Intralipid measurement to 97 µm, indicated by the blue line. For the water
calibration this it was set at 119 µm, as indicated with the red line.

In step 5, the signal is Fourier transformed back to the spectral domain. The filtered
spectral signal is shown in Fig. 2.6(c). In step 6, the complex interference Ĩ (k) is deter-
mined with the Hilbert transform according to Equation 2.5. In step 7, the envelope of
the interference is calculated with the absolute value of the complex interference of the
filtered signal |Ĩi nt (k)|. The envelopes of the interference of the Intralipid dilution and
water are indicated with green and orange, respectively, in Fig. 2.6(c). The transmittance
is calculated from the envelope according to Eq. 2.7 and a calibration measurement of
water.

The phase and amplitude of the Hilbert transform can have a fringe pattern near the
edges. This can be seen in Fig. 2.6(c) for wavenumbers smaller than 7 µm−1. Therefore,
the envelope of the interference spectrum is only calculated for a spectral region 100 nm
smaller than the full wavelength range. The transmittance is calculated according to
Eq.(2.7) and is shown for 2.27 vol.% soy oil in Fig. 2.6(d).

In step 8, the phase φ(k) is obtained from the complex interference Ĩi nt (k). First, the
interference spectrum is divided by the envelope of the interference. The Fourier trans-
form of this reshaped interference is shown in green in Fig. 2.6(b). Without the envelope,
the Fourier spectrum has the typical shape of an up-chirped signal. The phase is calcu-
lated by taking the angle of the complex-valued interference spectrum of Eq. (2.6). It is
possible to obtain the phase from a Hilbert transform of the interference of step 3. How-
ever, isolating the interference frequencies and normalizing the signal greatly reduces
the fringe patters that can be seen in Fig. 2.6(e).

In step 9, this phase is unwrapped. After unwrapping, the spectral phase needs to be
compensated for the system dispersion. This is done with a calibration measurement
with demineralized water. The phase of the sample φsample is

φsample(k) =φm(k)−φc (k)+nwater(k)kL, (2.29)

with φm(k) the measured phase of the medium, φc (k) the phase of the water calibra-
tion measurement, and nwater(k)kL the phase of the water. The refractive index of water
nwater(k) is taken from Daimon et al.[51] for 20 ◦C. The unwrapped phase of the same
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measurement with diluted Intralipid is shown in Fig. 2.6(e).
The group index and the GVD are proportional to, respectively, the first and sec-

ond derivative of the phase with respect to the wavenumber k. To obtain these deriva-
tives, the phase is fitted in step 10 with the polynomial of Eq. (2.8). For the glycerol and
ethanol measurements a fourth-order polynomial was fitted to the phase with the first
and last 200 elements removed from the total of 8192. For Intralipid, the phase is fitted
with a third-order polynomial and the first and last 750 elements were removed from
the measured spectrum. The elements that were retained are shown in dark blue in
Fig. 2.6(e). The reduction of the spectral range was done to avoid edge effects on the
phase estimation, as shown in light blue in Fig. 2.6(e). The lower order polynomial for
Intralipid means that the measured GVD was assumed to be at most linearly dependent
on wavenumber. The wavenumber dependent group index and GVD are calculated us-
ing Equations 2.9 and 2.10 from the polynomial fit of the sample phase.

The dependence of the group index and the GVD on the mixture ratio of glycerol and
ethanol was parameterized with a parabola and with a linear dependence for Intralipid.
The confidence interval was given by the standard error of the fit parameters. The con-
fidence interval of the scattering attenuation measurements was determined from the
standard deviation of the fit parameters A, α and p of Eq. (2.28).

2.3.4. OPTICAL REFERENCE DATA
The group index and GVD of glycerol and ethanol are compared with literature data and
the Lorentz-Lorenz mixing formula. The refractive indices of water, glycerol and ethanol
were taken from Daimon et al. [51] Gupta et al. [52] and Kedenburg et al. [53], respec-
tively. However, Gupta et al. measured the refractive index of glycerol only for wave-
lengths lower than 710 nm. Therefore the dispersion formula, as reported by Gupta et
al., was extrapolated to higher wavelengths.

The refractive index of water glycerol and water ethanol mixtures is dependent on
the mixing ratio and the mass density. The mass density as a function of volume fraction
of glycerol in water is taken from Volk et al. [54] and for ethanol in water from Danahy et
al. [55]. With this data, the phase index for the mixture was calculated with the Lorentz-
Lorenz equation, Eq. (2.25). The expected group index and the GVD were calculated with
Eq. 2.9 and 2.10.

2.4. RESULTS

2.4.1. REFRACTIVE PROPERTIES OF UNDILUTED SAMPLES
In Fig. 2.7 the measured group index and GVD of pure glycerol, ethanol, and Intralipid
are shown. The measured group index of ethanol follows the expected Cauchy relation-
ship with wavenumber k. The measured group index of glycerol is slightly higher than
reported by Gupta et al. [56]. For pure Intralipid the scattering attenuation for wavenum-
bers higher than 11.5 µm−1 (550 nm) was too high to reliably measure the phase of the
interference spectrum. For Intralipid, no reliable literature data is available. For the GVD,
the data of the ethanol measurements agree well with the literature values by Kedenburg
et al. [53]. For glycerol, the GVD at the center wavenumber matches the literature val-
ues reasonably well. However, the measured wavenumber dependence is much stronger
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Figure 2.7: Wavenumber dependence of the measured group index (a) and GVD (b) compared to literature.
Interpolated literature values are indicated with a dashed line, extrapolated values with a dotted line.

than reported by Gupta et al.
The dependence of the group index and GVD of glycerol and ethanol on the mixing

ratio at various wavelengths is shown in Fig. 2.8. In Fig. 2.8(a) the measured group index
of the glycerol dilutions matches the prediction by Eq. (2.25). In Fig. 2.8(b) the mixing
ratio dependence of the GVD is linear for all glycerol-water mixtures. This is expected
as the mass density of glycerol-water mixtures is an almost linear function of the mixing
ratio [54] and hence gives a GVD that depends almost linearly on the mixing ratio accord-
ing to Eq. (2.25). The results are in good agreement with the literature values, especially
at the center of the spectrum where the phase estimation is most accurate.

The group index of ethanol is shown in Fig. 2.8(c). For ethanol, the dependence of the
group index on the mixing ratio is nonlinear. In fact, the group index of ethanol reaches a
maximum at a volume fraction of 75 vol.%. The nonlinear behavior of the group index is
due to the nonlinear relationship of the mass density with the mixing ratio. This is caused
by the strong hydrogen bond interactions in the mixture. Not only between ethanol and
water molecules, but also among molecules of the same species [57].

In contrast to the glycerol-water mixtures, the mixing ratio dependence of the GVD
of ethanol-water mixtures is nonlinear. This follows from the prediction of Eq. (2.25)
and the mixing ratio dependence of the mass density of ethanol-water mixtures [55].
Fig. 2.8(d) shows that the GVD at 800 nm monotonically increases with volume fraction.
For the wavelengths 500 nm and 600 nm the GVD obtains a maximum at high ethanol
concentrations.

The absorption of glycerol (< 0.25 mm−1 at 589 nm [58]) and ethanol (∼ 0.1 m−1 at
589 nm [53]) was too small to reliably measure with the path length of the flow cell used
in this experiment.

2.4.2. OPTICAL PROPERTIES OF PARTICLE SUSPENSIONS
The concentration dependence of the group index and GVD of Intralipid is shown in
Fig. 2.9. The group index of the Intralipid mixtures increases monotonically with volume
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Figure 2.8: Group index and GVD of glycerol and ethanol mixtures as function of volume fraction at various
wavelengths.

fraction. The nonpolar soy oil droplets in an Intralipid emulsion are hydrophobic. It is
expected that these droplets have very small interactions with the solvent at the molec-
ular level. Therefore the mass density, and hence the group index and GVD, are a linear
function of the mixing ratio.

The low transmittance and smaller channel sizes of the Intralipid samples signifi-
cantly increased the confidence interval of both the group index and the GVD, particu-
larly for wavelengths at the edge of the spectral range.

In Fig. 2.10(a) the scattering attenuation coefficient of Intralipid is shown as a func-
tion of wavelength for various volume fractions. Overall, the attenuation coefficient
shows a monotonous decay with increasing wavelength. In this wavelength range, wa-
ter absorption is negligible and the attenuation is solely caused by scattering. Also, Mie
resonances are not visible in the spectra as the sample is very polydisperse and the typ-
ical particle size 50-300 nm for Intralipid [25, 47, 61] is relatively small compared to the
wavelength.

In Fig. 2.10(b) the volume fraction dependence of the attenuation coefficient is shown
for various wavelengths. The effect of dependent scattering is clearly visible by a nonlin-
ear increase in the attenuation coefficient. The volume fraction of maximum attenua-
tion is 0.265 as obtained from the fit of Eq. (2.28). This is larger than the volume fraction
of soy oil in undiluted Intralipid 20%. The data matches well to literature values at the
wavelengths of 635 nm and 750 nm (Aernouts et al [59]) and 800 nm (Kodach et al [60]).

The attenuation data is fitted with Eq. (2.28). The proportionality constant is found
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Figure 2.9: (a) Group index of dilutions of Intralipid 20% as function of volume fraction for various wavelengths.
(b) GVD of dilutions of Intralipid 20% as a function of volume fraction for various wavelengths. The expected
value is calculated by using the average refractive index weighted by volume fraction.

to be A = 1.57±0.01, the wavelength dependence is given by the parameter α= 2.587±
0.001, and the packing dimension p = 1.04±0.01.

2.5. DISCUSSION

2.5.1. REFRACTIVE INDEX
This work not only provides the optical properties for separate wavelengths, the broad
range also results in a more accurate determination of the dispersive refractive proper-
ties with the quantification of the group index and the GVD.

The measured group index for pure and dilutions of glycerol is slightly higher than
reported in literature, red which is possibly due to the measurement taking place at a
lower temperature compared to the temperature at which the literature values were ob-
tained [52, 56]. The GVD has a good match at the center wavelength, for other wave-
lengths there is a deviation that we attribute to the occurrence of the fringes near the
edges in the phase of the Hilbert transform.

The group index of pure ethanol is very close to the value determined by Kedenburg
et al. [53]. For the ethanol dilutions, the effect of the volume contraction is slightly less
prominent than predicted with Eq. (2.25) and the mass density dependence as deter-
mined by Danahy et al. [55]. Similarly, the GVD is well predicted by the literature values.

Many authors [51–53, 62] measure the refractive index for each wavelength sepa-
rately and obtain the dispersion through a fit. Since the GVD is a sum of the first and
second derivative to the wavenumber of the refractive index, any choice of the disper-
sion equation or the presence of noise in the measured data points has a disproportional
effect on the GVD. Therefore, literature values of the GVD vary wildly. The reported val-
ues of the GVD of glycerol at the wavelength of 589 nm range from 45.5 fs2 mm−1 [52]
to 68.1 fs2 mm−1 [56]. We determined it at 72.4± 0.5 fs2 mm−1. For ethanol reported
value range from 55.1 fs2 mm−1 [53] to 65.3 fs2 mm−1 [63]. We determined it at 56.8±
0.3 fs2 mm−1. Both are close to, or well within, the range of values provided in literature.

Because the spectral phase is obtained from what is close to a continuum of wave-
lengths, the dispersive properties could be obtained more accurately, than when the
refractive index is only measured for a limited number of wavelengths. Therefore, the
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Figure 2.10: (a) Attenuation coefficient of Intralipid as function of wavelength for various volume fractions.
Fits are with Eq. (2.28). (b) Scattering coefficients for various wavelengths. The effect of dependent scattering
is clearly visible as a flattening of the scattering coefficient. Literature data from Aernouts [59] and Kodach [60]
are shown at the same wavelength as the measurements.

method presented in this work would provide a method to accurately determine the GVD
of a medium. To provide an accurate measurement of the GVD with other methods, for
example an Abbe refractometer, individual measurements at many wavelengths would
be required.

The spread in the datapoints of the group index and GVD of Intralipid as shown in
Fig. 2.9 is much higher than the spread observed in the data of the transparent media.
This is due to the lower transmittance and the necessity to use a smaller flow channel
size. For wider flow channels the GVD can be more accurately determined as the in-
creased path length leads to more accumulated phase change. However, this would lead
to very small signals at very high volume fractions.

2.5.2. OPTICAL ATTENUATION
The wavelength-dependent scattering attenuation shown in Fig.2.10(a) generally match-
es the expected dependent scattering for Mie scatterers. The anomaly between 800 nm
and 900 nm for undiluted Intralipid is caused by the lower response of the spectrom-
eter for longer wavelengths, as can be seen from the water calibration measurement in
Fig. 2.6(a). Here, the measured intensity for wavenumbers lower than 7.5 µm−1 (840 nm)
is very low for both the measurement and the calibration.

The measured dependent scattering attenuation coefficient of Intralipid is similar to
that reported in literature [13, 47, 59–61, 64] for all wavelengths. The value of the wave-
length dependence parameter in Eq. (2.28) α = 2.587 ± 0.001 compares well to values
reported in literature. Reported values for α range from α= 2.40 [64] to α= 2.59 [59].

Although the attenuation spectra are similar, the obtained fitted packing dimension
p = 1.04±0.01 is much lower. Since p parameterizes the volume fraction of minimum
transmittance, deviations at high volume fractions have a disproportional effect on the
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fit parameter p. Since the spread in the scattering attenuation data is higher at high
volume fractions, the standard error in the estimate of p from the fit is probably not
representative of the uncertainty. This value also differs significantly from the value re-
ported by Aernouts et al. [59] who found p to be between 1.55 and 2.02, depending on
wavelength. The value of p as determined in this work would give the volume fraction
of maximum attenuation at fv =0.28, which is higher than the volume fraction of 0.227
of soy oil in pure Intralipid 20%. A measurement of denser Intralipid samples would
improve the estimate of p.

This value of p gives an indication of the shape of the scatterers or the size polydis-
persity. Since the shape of the soy oil globules is not expected to deviate much from a
spherical shape[59], it is also possible to attribute the difference in packing dimension
to a difference in particle size distribution of the Intralipid sample. This may be caused
by differences in particle size between Intralipid batches or due to a different shelf time.

2.5.3. SPECTRAL INTERFEROMETRIC SENSING
For sensing applications, measurement of the mixing ratio of the glycerol and Intralipid
dilutions through the group index or GVD is straightforward as both are monotonously
increasing functions. The mixing ratio of ethanol-water mixtures is more difficult to de-
termine because the group refractive index has a maximum at 75 vol.% and therefore
cannot be uniquely determined in the range of 50 to 100 vol.%. The GVD is both mea-
sured and predicted to monotonically increase with the mixing ratio at 800 nm. Measur-
ing the GVD at this wavelength provides an opportunity to overcome the ambiguity in
the group index measurement.

The attenuation coefficient, group index, and GVD were extracted from a single mea-
sured interference signal. This makes this method particularly suitable for the use in an
on-chip implementation where the spectrum of the sample arm and the reference arm
cannot be measured separately. A similar approach is also used in an on-chip applica-
tion by Zhou et al. [30]. Alternatively, when higher accuracy is required, both the sample
arm and the reference arm intensities can be measured separately. This can avoid the
spatial domain filtering, which decreases the spectral resolution and leads to artifacts
that result from the filtering. For the phase measurement the independent measure-
ment of the background intensities decreases the prominence of the fringe patterns at
the edges of the spectrum. However, for the attenuation coefficient measurements, the
heterodyne detection as used in this work, offers increased sensitivity for opaque sam-
ples.

2.6. CONCLUSION
In this paper, a method is presented to simultaneously measure the group index, GVD,
and attenuation coefficient over a broad wavelength range between 400 nm and 920 nm
for glycerol and ethanol and from 500 nm for undiluted Intralipid. All three quantities
are obtained from a single calibrated interference spectrum. All quantities are found to
be similar to what is reported in literature.
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DATA AVAILABILITY
Data underlying the results presented in this chapter and the relevant analysis routines
are available in Ref. [65].
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3
EXPERIMENT AND THEORY OF THE

COMPLEX REFRACTIVE INDEX OF

DENSE COLLOIDAL MEDIA

The complex refractive index is analyzed by measuring its scattering attenuation µsca,
group index ng and group velocity dispersion (GVD) for 100 nm diameter silica nanopar-
ticles dispersed in water. The experiments were performed for wavelengths between 410
and 930 nm. The experimental results were compared with different mixing models for
the complex refractive index of colloidal suspensions. The group index linearly scaled
with the volume fraction both in experiment and for all tested models. It was found that
the GVD has a nonlinear dependence on volume fraction in agreement with the coupled
dipole model of Parola et al. [2] The scattering attenuation is in good agreement with both
the coupled dipole model and the low-frequency quasi-crystalline approximation [3] that
take particle correlations into account. With an iterative fitting procedure of all the data
based on both the coupled dipole model and the quasi-crystalline approximation, the re-
fractive index, porosity, and size of the nanoparticles were determined. We determined
that the coupled dipole model is in best agreement with the data.

Parts of this chapter have been published in P.N.A. Speets and J. Kalkman, Experiment and theory of the com-
plex refractive index of dense colloidal media, Journal of the Optical Society of America A, 41, 214-228 (2024) [1]
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3.1. INTRODUCTION
An important parameter describing electromagnetic wave propagation in optical mate-
rials is the complex refractive index. The real part of the refractive index is related to
refraction, phase delay, and phase velocity of the wave. The imaginary part of the re-
fractive index is related to the optical attenuation of the wave caused by scattering and
absorption.

For optical materials composed of atomic or molecular mixtures the real part of the
refractive index is well described by the Lorentz-Lorenz equation [4, 5], which is based
on the intrinsic polarizability of the atoms or molecules in the mixture. Colloidal media
are composed of liquid or solid particles with a size range of 1-1000 nm in a molecular
solvent. In a dilute colloidal suspension the real part of the refractive index is well ap-
proximated by the simple Arago-Biot mixing formula [6, 7]. This describes the refractive
index as the average refractive index of the host medium and the suspended particles,
weighted by their volume fraction.

The first theoretical description of the effect of small particles on the real part of
the effective refractive index was given by Garnett who used the Clausius–Mossotti re-
lation to incorporate the effect of embedded gold and silver particles to describe the op-
tical properties of colored glass [8]. Since then, various mixing models [2, 3, 9–26] have
been derived for the effective refractive index of particulate media. With some excep-
tions [9, 10, 15], these models predict both the real part and the imaginary part of the
effective refractive index. In many cases, scattering models were developed to describe
the attenuation, caused by absorption or scattering, but some obtained the refractive
properties from the electric permittivity [9, 15, 22].

The full complex refractive index of a dilute particle suspension is well approximated
with the simple and widely used mixing formula given by van de Hulst [17]. This model
predicts both the real and imaginary part of the effective refractive index from a given
complex scattering amplitude, for example from Mie theory. A disadvantage of the van
de Hulst refractive index model is that it does not incorporate volume fraction depen-
dent scattering. In other words, it does not take into account the correlations between
the particle positions and predicts a linear relationship between the effective refractive
index and the volume fraction. The van de Hulst refractive index is applicable for volume
fractions lower than 1% [23], but for higher volume fractions leads to erroneous results as
the relationship between the imaginary refractive index and the number of particles be-
comes nonlinear [27–31]. For volume fractions up to 5%, it is possible to derive a simple
and nonlinear expression [23, 26, 32] for the effective refractive index. For higher par-
ticle volume fractions the effective complex refractive index can be obtained by taking
into account the positional correlations between the scattering particles. In this way, the
imaginary part depends explicitly on the radial distribution function g (r ), that describes
the statistics of the distribution of the particles, and its spherical Fourier transform, the
structure factor S(q) describing the light scattering of the particles. Here, r is the dis-
tance from the center of a particle and q the scattering wavenumber [28, 30, 33, 34].
These correlations have a prominent effect at high volume fractions [2, 3, 14, 20]. How-
ever, it was observed that the volume fraction dependence of the real part deviates only
slightly from linearity [23, 32, 35–40]. It is therefore difficult to compare different mod-
els of the real refractive index to experimental results. Indeed, some authors noted the
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scarcity of experimental work on the effective refractive index [2, 23, 26, 41, 42]. Ex-
perimental evidence is particularly absent for high-volume fractions of particles where
colloidal suspensions easily become unstable [23].

A second complication is that measuring the real part of the refractive index of col-
loidal suspensions is challenging. For example, when measuring a colloidal suspension
with an Abbe refractometer, the critical angle becomes ambiguous [37, 43]. In this case,
the Fresnel equations need to be modified to take into account the particulate nature
of the medium [25, 31, 44, 45]. When measured in transmission, for example through
strongly forward scattering media such as tissue [46], the partially coherent diffusive
light makes a quantitative determination of the real part of the refractive index ambigu-
ous. In that case, coherence gating may be applied to filter the diffusive light from the
ballistic light [28, 46, 47].

The work presented in this chapter consists of experimental results and theoretical
analysis of the complex refractive index of dense suspensions of 100 nm silica particles in
water. Experimentally, we determine the group index, group velocity dispersion (GVD),
and scattering attenuation with a spectral domain Mach-Zehnder interferometer over a
broad wavelength range.

The experimental data is compared to two volume fraction dependent models for
the complex effective refractive index of dense colloidal suspensions. The first model
is the quasi crystalline approximation (QCA) of the Foldy-Lax equations in the low fre-
quency limit described by Ding and Tsang [3]. The second is the coupled dipole model
(CDM) by Parola et al. [2]. CDM is conceptually similar to the coupled dipole method to
computationally obtain the scattering properties [48], or thermal radiation [49, 50] of an
arbitrarily shaped particle.

We observe that the nonlinear response of the GVD to the particle size and concen-
tration is much larger than that of the group index of the suspension. From a fit of the
CDM model to the full complex refractive index over a large size parameter and concen-
tration range we obtain the mean particle size, size polydispersity and refractive index.
We show that the obtained size distribution is in good agreement with a reference mea-
surement.

3.2. THEORY

3.2.1. THE REFRACTIVE INDEX OF DILUTE SUSPENSIONS
The complex refractive index is defined as

ñ(k) = n(k)+ i
µ(k)

2k
(3.1)

with the real part n(k) related to the phase velocity of a wave propagating through a
medium and the imaginary part related to the attenuation of the wave in the medium.
Here, k is the wavenumber in vacuum, and µ the attenuation coefficient, both due to ab-
sorption and scattering. In a non-absorbing medium and with non-absorbing particles,
the attenuation coefficient is given only by the scattering attenuation coefficient µsca.

In a dilute suspension of particles, the effect of spatial correlations of particle posi-
tions can be neglected. In that case, the real part of the refractive index of a mixture of
two components is, for many mixtures, well approximated with the Arago-Biot mixing
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formula. This equation expresses the refractive index as the average refractive index of
both components weighted by their volume fraction [6]

Re{ñeff} = fv Re{ñp }+ (1− fv )Re{ñm} . (3.2)

Here, fv is the volume fraction of suspended particles, Re{ñeff} is the real part of the
complex effective refractive index of the suspension and Re{ñm} and Re{ñp } are the real
refractive indices of the embedding medium and of the suspended particles.

In dilute suspensions, µsca is equal to the concentration times the scattering cross
section. Therefore, it scales linearly with volume fraction. The full refractive index of a
dilute suspension of a mixture of particles with different sizes can be calculated from the
Mie scattering amplitude SMie through the van de Hulst refractive index [16, 17, 51]

ñeff(k) = nm(k)−
N∑
i

3i np (k) fv,i

2x3
i

SMie,i (θ = 0) . (3.3)

Here, the refractive index of the suspension ñeff(k) is given by the refractive index of the
embedding medium nm(k) minus a sum over all particle size bins with volume frac-
tion fv,i per size bin. The sum consists of the refractive index of the particle np (k), the
size parameter xi = km ai , km the wavenumber in the embedding medium nmk, ai the
particle radius, and the complex Mie angular scattering amplitude in the forward direc-
tion SMie(θ = 0). For unpolarized light SMie(θ = 0) is the average of both angular scat-
tering amplitudes S1 and S2. The angular scattering function is normalized such that

Re{S(θ = 0)} = k2σs
4πnm

, where the scattering cross section of the particle σs is given ac-
cording to Mie theory [52, 53]. Both the van de Hulst model and the Arago-Biot formula
predict a linear scaling of the refractive index with volume fraction of colloids.

3.2.2. THE ELECTRIC FIELD IN DENSE SUSPENSIONS
To describe the complex refractive index for dense media the effect of the particle posi-
tions has to be taken into account in the electromagnetic field E (r ) propagation through
the medium. The starting point here is the Foldy-Lax equation [11, 54, 55]:

E (r ) = Einc(r )+
∑

i

∫

V

←→
G m(r − r ′)Ui (r ′)E (r ′)dr ′ (3.4)

with the field at every particle location ri given by

E (ri ) = Einc(ri )+
∑
j ̸=i

∫

V

←→
G m(ri − r ′)U j (r ′)E (r ′)dr ′ (3.5)

with E the total field, and Einc the external excitation field. The Green’s dyadic operator

of the embedding medium
←→
G m is given by [55]:

←→
G m(r ) =

(←→
I + 1

k2
m
∇∇∇⊗∇∇∇

) e i km |r |

4π|r | . (3.6)

Here,
←→
I is the identity matrix and Ui (r ) is the scattering potential given by the refrac-
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Figure 3.1: Sketch of the Foldy-Lax equations (a) The field at position r is the sum of the field radiated by all
particles. (b) The field at the particle at position r0 depends on the radiated field from surrounding particles.

tive index contrast from the particle at position ri and is given by Ui (r ) = (m2 − 1)k2
m

inside a particle volume vi and is 0 within the embedding medium, and m the refractive
index contrast of the particle np /nm . The electromagnetic propagation is sketched in
Fig. 3.1. Here, the Foldy-Lax equations are sketched for three particles at positions r0−2.
In Fig. 3.1(a) the interactions as described in Eq. 3.4 are shown. The electric field at po-
sition r is given by the scattered field of all other particles and the external field Einc(r ).
For this, the field of all particles must be known. The field for the particle at position r0

is given by the external field Einc(r ), and the field scattered by all other particles as given
by Eq. 3.5, which is sketched in Fig. 3.1(b).

The total field E appears on both sides of the equation Eq. (3.5). In the Born approxi-
mation the electric field in the right hand side is set to E (r ) = Einc(r ). The exact solution
of the Foldy-Lax equations can then be obtained by taking the Born approximation as a
first approximation for the electric field and iteratively solving for the total field for a sys-
tem with a known spatial refractive index distribution U (r ) = ∑

i Ui (r ). For a correlated
particulate medium in Brownian motion solving the Foldy-Lax equations would require
averaging over all known particle positions. These can be obtained from a Monte Carlo
simulation. However, since the number of particles that is needed for such a simulation
is very high, a better solution is to look for an averaging method for the particle positions
to obtain an average local field E for a particle located at position ri . In the next few
sections, the description of the bulk optical properties by effective medium theories is
explored.

3.2.3. FAR-FIELD INTERFERENCE
The dominant mechanism for concentration dependent scattering in the imaginary part
of the complex refractive index is far-field interference. In this section the scattering at-
tenuation is calculated by first calculating the scattering loss due to a collection of Mie
scatterers, and then a positional averaging is applied to obtain the scattering of an effec-
tive medium.

In the Born approximation, the driving field is given by the incoming field E0. Fur-
thermore, Eq. 3.4 is valid for an arbitrary particle shape with scattering potential U (r ),
however, often the scattering potential is known as the amplitude f (θ), with θ the scat-
tering angle. In that case, Eq. 3.4 can be further simplified to include the known factor
f (θ).
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Figure 3.2: Example of the scattering of a field Ein with wavevector kin to a collection of scatterers at positions
ri . The scattered field Esca given by Eq. 3.7 has wavevector ksca.

The scattering of an incoming plane wave in the axial direction ẑ on a collection of
particles at positions ri is sketched in Fig. 3.2. The incoming plane wave with wave
vector k is given by Ein = E0e i km z , with km the wavenumber in the embedding medium
km = nmk. Using the Born approximation, the scattered field Esca at position R is

Esca(R , q) =
N∑
i

fi (q)
e i q ·(R−ri )

|R − ri |
E0(ri ) . (3.7)

Here q = ksca−kin is the scattering wavevector with length q = 2km sin(θ/2), and kin and
ksca the wavevectors of the incoming and the scattered waves. fi is the scattering ampli-
tude or form factor of the particle at position ri . It is proportional to the field scattered in
direction q , and is normalized such that 2π

∫ π
0 fi (θ)dθ =p

σi where σi is the cross sec-
tion of particle i . In the far field, the distance between the individual scatterers is much
smaller than the distance to the observation point, and the distances between each scat-
terer and observation position R can be approximated with R ≈

√
|R − ri |2. Also, when

the total volume of the collection of scatterers is small with respect to the wavelength,
the external field E0(z) is the same for each particle. For identical particles, the scatter-
ing intensity at position R is then given by

Isca(R , q) = EscaE∗
sca =

N∑
i , j

f 2(q)
e i q ·(ri−r j )

R2 I0. (3.8)

In other words, the scattering intensity is the sum of the phase differences between each
particle pair i , j multiplied with the phase function f 2(q), and the intensity of the in-
coming wave I0.

In a homogeneous and isotropic fluid, the scattered intensity is averaged over all
possible particle positions ri , or rather all pairs ri and r j . After averaging the average
scattered intensity can be written as

〈
Isca(R , q)

〉
i , j =

I0 f 2(q)

R2


N +

〈∑
i ̸= j

e i q ·(ri−r j )

〉

i , j


 . (3.9)

This equation shows that the scattering intensity is given by the sum of all individual
scattering contributions (term with N ) and the sum of all constructive and destructive
interfering phase differences of each particle pair (term with exponential function). This
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Figure 3.3: (a) A distance r , as seen from a random particle. (b) Radial distribution function, which is the
probability relative to the bulk to find a center of mass of a particle at distance r , for fv = 0.4. (c) Integration of
the radiated intensity over all directions as done in Eq. 3.14 to obtain the radiated power.

is very similar to the well known Bragg’s law, but derived for a small volume element of a
correlated particle fluid.

Equation 3.9 is averaged over all particle positions ri and then for r j which includes
higher-order correlations in the averaging. However, for an isotropic and homogeneous
medium, the correlated particle positions should look the same in each direction. This
means that the position ri can be fixed at r0 = 0 without loss of generality. Equation 3.9
then only depends on averaging over all particle positions r j and is given by

〈
Isca(R , q)

〉
j =

I0 f 2(q)N + I0 f 2(q)(N −1)
〈∑

j e i q ·r j
〉

j

R2 . (3.10)

This approximation is called the quasi-crystalline approximation (QCA) [54]. It has its
name, because it is only strictly true for periodic lattices. This approximation eliminates
higher order correlations that are otherwise rather cumbersome [56].

Since in a typical physical system the number of particles is very high, it can be as-
sumed that N ≈ N − 1 for which Eq. 3.10 can then be written in a part linear in N , or
independent scattering, and a part that contains the averaging over all interference con-
tributions between each particle pair under the QCA. It is this last term that describes
the volume fraction-dependent scattering.

〈Isca(R , q)〉 =

Independent︷ ︸︸ ︷
I0 f 2(q)N

R2

(
1+

Dependent scattering︷ ︸︸ ︷〈∑
j

e i q ·r j

〉

j

)
(3.11)

The dependent scattering term in Eq. 3.11 contains the particle positions r j relative to
the center of mass of a randomly chosen particle. In Fig. 3.3(a) a dense fluid of hard
sphere particles is sketched. The probability relative to bulk of finding a center of mass
from a distance r from the particle is given by the radial distribution function g (r ) and
is shown in Fig. 3.3(b). Since the particles cannot overlap, there is zero probability of
finding another particle at distances smaller than twice the particle radius a. In a dense
medium, the particles are squeezed together. This means that there is a peak in proba-
bility when two particles directly border each other at r = 2a with a the particle radius.
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This radial distribution function g (r ) indicates the probability of finding a particle
at distance r from a given particle and therefore is the weight for each exponential in
Eq. 3.11. In other words, the sum in Eq. 3.11 is replaced with an integral

〈∑
j

e i q ·r j

〉
→

∫

V
g (r )e i q ·r d3r . (3.12)

Here, V is the volume of the scattering element. Since g (r ) is spherically symmetric, and
only depends on the distance from the origin r , the integral over the entire volume of the
suspension V is a spherical Fourier transform of g (r ). This is given by

∫

V
g (r )e i q ·r d3r = 4π

∫ ∞

0
g (r )

r sin(qr )

q
dr = S(q)−1, (3.13)

where S(q) is the structure factor of the suspension. The total power radiated by the
small volume element can be obtained by integration over all scattering angles as sketch-
ed in Fig. 3.3(c). This can be written as an integral over all angles θ, since the length of
the wavevector is given by q = 2km sin(θ/2), and the number of scatterers replaced by
the number of scatterers per unit volume ρ. This integral of Eq. 3.11 gives the radiated
power P per unit of volume as

P = 2πρI0

∫ π

0
f 2 (

q(θ)
)

S
(
q(θ)

)
sin(θ)dθ . (3.14)

The above equation is the volume equivalent of Eq. 3.11. The total radiated power from
the volume element is removed from the system. This means that the intensity of the
wave in the axial direction after the volume element is given by I1 = I0 − Isca. Since, in
turn, I1 is attenuated again by the next scattering layer, this gives rise to a scattering
attenuation coefficient µsca given by

µsca = 2πρ
∫ π

0
f 2(θ)S(θ)sinθdθ . (3.15)

This equation summarizes the effect of far-field interference due to the structure of the
scattering medium. This equation is ubiquitous in X-ray scattering [33, 57–62], neutron
scattering [60, 63–65] and optical scattering [28, 30, 66].

3.2.4. QCA IN THE SMALL SCATTERING ANGLE LIMIT
Not only for the imaginary part of the effective refractive index, but also for the real part
of the complex refractive index the spatial correlations between scatterers can be taken
into account with the QCA. The field equations Eq. 3.4 and 3.5 describe the field scat-
tered on a sample with fixed particle positions. The particle positions can be averaged
to get the field equations for an effective medium. To get the field at the particle E (r0),
QCA replaces the contribution of all other particles ri ̸=0 to the electric field at particle
position ri with the scattered field of an average particle at position r j weighted by the
radial distribution function g (|ri − r j |). The Foldy-Lax equations under the QCA are

〈E (r )〉 = Einc(r )+N
∫

V

←→
G m(r − r ′)U0(r ′)〈E0(r ′)〉dr ′ (3.16)
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and

〈E0(r )〉 = Einc(r )+ (N −1)×
∫

V

←→
G m(r − r ′)U0(r ′) g (|r − r ′′′|)〈E0(r ′)〉dr ′ . (3.17)

Here, N is the number of particles, 〈E0(r )〉 the average electric field of a particle and
U0(r ) the potential of a single particle at position r .

When propagating waves are considered, it is useful to express the radial distribu-
tion function g (r ) as its spherical Fourier transform: the structure factor S(q). Here,
q = 2kmsin(θ/2) is the scattering wavenumber and θ the scattering angle. The spatial
correlations between particles of different species or in different size bins are encoded
in the partial structure factor Si , j (q). A general expression for the partial structure factor
of polydisperse hard sphere particles in the Percus-Yevick approximation [67] is given by
Tsang et al. [68] (Appendix A).

Equations (3.16) and (3.17) can be solved for small size parameters in the small scat-
tering angle limit (θ → 0), also called the low frequency limit (q → 0) [69]. For a poly-
disperse particle size distribution, the solution for the complex refractive index ñeff is
presented by Ding and Tsang [3] as

ñ2
eff = n2

m + 3nm

D

Ns∑
i

fv,i yi

{
1+ 2i n2

mk3

3D

[
a3

i y +
Ns∑
j

8π3a3
jρ j y

(
1−Si , j (q = 0)

)
]}

. (3.18)

Here Ns is the number of size bins and the indices i , j denote the size bins. The concen-
tration of particles of size bin j is ρ j , fv,i is the volume fraction of particles with radius
ai , and the parameters y and D are given by

y =
n2

p −n2
m

n2
p +2n2

m
and D = 1−

N∑
i

fv,i y . (3.19)

The expression Eq. (3.18) is henceforth referred to as the low-frequency QCA (LF-QCA)
model.

3.2.5. THE COUPLED DIPOLE MODEL
A different approach to obtain the effective refractive index in a scattering medium is to
consider the individual molecules that make up a particle as discrete dipole scatterers.
The field at the discrete dipole at position ri is given by:

E (ri ) = Einc(ri )+α
∑
j ̸=i

←→
G d (ri − r j )E (r j ) . (3.20)

Here α is the polarizability of a dipole and Gd is given by

←→
G d (r ) =

[(
3r̂ ⊗ r̂ −←→

I
)(

1

k3r 3 − i

k2r 2

)
× 1

kr
(r̂ ⊗ r̂ −←→

I )

]
exp(i kr ) . (3.21)

If the particles are considered to be a continuum of dipoles, and the quasi-crystalline
approximation is applied, the sum in Eq. 3.20 is replaced with an integral similar to
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Eq. (3.17). This is given by

E (ri ) = Einc(ri )+αρk3
∫

V
gd (|ri − r ′|)←→G d (ri − r ′)E (r ′)dr ′ . (3.22)

Here, gd (r ) is the dipole radial distribution function.
A solution to Eq. (3.22) was obtained by Parola et al. [2]. The field of two counterprop-

agating waves was chosen as an ansatz for the field E (ri ), and the external field Einc. The
complex refractive index was obtained from the consistency conditions required to solve
Eq. (3.22) for a correlated dipole fluid.

The refractive index can be obtained from Eq. 3.22 with a similar procedure as is used
in Section 2.2.3 for the Lorentz-Lorenz equation. In a molecular dipole fluid, gd (r ) = 1
in all space. In that case, the solution to Eq. 3.22 is given by Eq. 2.19. The deviation of
the radial distribution function from the mean for an uncorrelated fluid can be written
as hd (r ) = gd (r )−1 where h(r ) is zero in the bulk fluid. When the field is assumed to be
only varying in the axial direction, that is, it only depends on z, Eq. 3.22 becomes

E(zi ) =Einc(zi )+ELL(zi )+ELC (zi )+

αρk3
∫

V
hd (|r − r ′|)Gd (r − r ′)

(
A+e i km z ′ + A−e−i km z ′

)
dr ′ .

(3.23)

Here ELL is given by the left hand side of Eq. 2.19, and ELC is the field excluded by
the Lorentz cavity, given by Eq. 2.22. The field inside the medium is given by the two
counterpropagating waves A±e±i km z , where the amplitudes A± are the same as those
obtained in Section 2.2.3. This leads to the Lorentz-Lorenz equation with a correlation
factor C resulting from the correlation term in Eq. 3.23,

αρ = 3(n2 −1)

4π
(
C (n2 −1)+ (n2 +2)

) (3.24)

and the correlation integral C given by

C = k3αρ

4π

∫
Gd (r ′)hd (r ′)

(
A+e i km z ′ + A−e−i km z ′

)
dr ′ . (3.25)

Here, z ′ is the z component of r ′. For a fully uncorrelated medium, C = 0, which reduces
Eq. 3.24 to the Lorentz-Lorenz equation given by Eq. 2.24.

In this model, the dipoles are embedded in a particle, as shown in Fig. 3.4. Therefore,
the radial distribution function of the dipoles gd (r ) depends on correlations within the
same particle, and correlations with dipoles in nearby particles. The intra-particle cor-
relation function gintra(r ) between two dipoles within a particle is given by convolution
of the particle shape by itself, i.e.,

gintra(r ) = s(r )∗ s(r ) (3.26)

with the particle shape function s(r ) for a spherical particle with volume vp given by:

s(r ) = 1

vp
(1−Θ(|r −a|)) . (3.27)
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Figure 3.4: Sketch of the coupled dipoles, the scattering particles, and the radial distribution function of the
particles gp (r ) (blue) and the discrete dipoles gd (r ) (red).

The inter-particle contribution ginter(r ) is given by:

ginter(r ) = s(r )∗ s(r )∗ gp (r ) (3.28)

The dipole radial distribution function gp (r ) is the sum of both the inter-particle and the
intra-particle contributions, i.e.,

gd (r ) = ginter(r )+ gintra(r ) = s(r )∗ s(r )∗ gp (r )+ s(r )∗ s(r ) . (3.29)

In the Fourier domain, this convolution can be written as a multiplication of the par-
ticle structure factor Sp (q) and the spherical Fourier transform of the particle volume
squared. The dipole structure factor Sd (q) is then given by:

Sd (q) = F 2(q)
(
H(q)+1

)+1 = F 2(q)Sp (q)+1. (3.30)

Here, F (q) is the form factor of the particle, which is the Fourier transform of the particle
shape, and H(q) = S(q)−1 is the spherical Fourier transform of g (r )−1. Note that the
delta peak in the forward direction (q = 0) is removed, since this would lead to unphysi-
cal results. For a spherical particle the form factor of the particle is given by:

F (q) = 4π

vp

∫
r sin(qr )

qr
(1−Θ(r −a)) dr = 3

sin(qa)−qa cos(qa)

(qa)3 . (3.31)

For a particle size distribution with size bins i with radius ai , the partial form factor Fi (q)
and partial structure factor S(q) can be geometrically averaged over the particle density
per size bin with number density ρi as [34]

〈
a3F 2(q)Sp (q)

〉
PSD=

∑
i j (ai a j )3/2Fi (q)F j (q)Si , j (q)

p
ρiρ j∑

i ρi
, (3.32)

with Si , j (q) the structure factor of size bin i , j . The real part of the effective refractive
index neff of the suspension is then given by [2]
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Re{ñeff} = nm + fv nm(np −nm)+ fv nm

2

(
fv −1

3
+ Cr

π

)(
np −nm

nm

)2

, (3.33)

with

Cr =
1

3k3
m

∫ ∞

0

〈
a3F 2(q)S(q)

〉
PSD

[
8

3
k3

m q −km q3
(
2k4

m −k2
m q2 + q4

4

)
ln

(
q +2km

|q −2km |

)]
q dq .

(3.34)
The correlation integral Cr encodes nonlinear scattering effects on the real part of the
refractive index. It is dependent on the particle volume fraction through the structure
factor S(q).

The imaginary part of the effective refractive index is an integral over the product
of the scattering amplitude f (q) and the structure factor over all scattering angles (q ≤
2km). For a particle size distribution, this is given by Vrij [30, 34] as

µsca = 2k Im{neff} = 2π
∫ π

0

N∑
i , j

√
ρiρ j fi (θ) f j (θ)Si , j (θ)sin(θ)dθ . (3.35)

The scattering amplitude fi (q) for a particle in size bin i can be calculated with the par-
ticle form factor Fi (q) through [2]

f 2(q) =
α2

p v2
p F 2(q)

(
8k4

m −4k2
m q2 +q4

)

8n2
m

. (3.36)

Here, vp is the particle volume andαp is the dimensionless particle polarizability relative
to the embedding medium, which is given by

αp = 3

4π

(
(np −nm +1)2 −1

(np −nm +1)2 +2

)
. (3.37)

The aim of this work is to experimentally test the predictions given by Eqns. (3.3), (3.18),
(3.33), and (3.35) for the concentration dependence of both parts of the complex refrac-
tive index. Here the latter two (Eqns. 3.33 and 3.35) are used together to provide the real
and imaginary part of the CDM.

3.3. METHODS

3.3.1. EXPERIMENTAL SETUP
Optical properties of colloidal suspensions were measured with an optical setup based
on a Mach-Zehnder interferometer. This setup is described in detail in chapter 2. In
summary, the visible part of the spectrum with wavelengths between 400 nm and 950 nm
emitted by a supercontinuum laser (EVO EUL-10, NKT) is split into the sample arm and
the reference arm of the interferometer by a 10-90 beamsplitter (BS025, Thorlabs) and
recombined with a 50-50 beamsplitter (BS013, Thorlabs). The spectrum is measured
with a spectrometer (FX VIS-NIR, Ocean Optics). The intensity in each arm was mea-
sured separately, indicated as Isam(k) and Iref(k) for the sample arm and reference arm,
respectively. The spectrum measured with both the arms open is given by Itot(k).
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The volume fractions of the prepared silica samples varied between 0.05 and 0.36.
The samples were prepared from a stock sample of 0.5 volume fraction 100 nm silica par-
ticles (Levasil, Nouryon). This was diluted with demineralized water (Milli-Q 15 MΩcm)
to 8 samples with volume fractions ranging from 0.05 to 0.4. In order to make sure the
particles behave as hard spheres, 0.2 ml salt solution was added to each sample to lower
the zeta potential. The salt solution was prepared with 400 ml demineralized water and
0.95 g NaCl.

The sample was measured in a 1000 µm flow cell (45/Q/1, Starna). The mixture was
introduced to the flow cell by a BD10 luer lock syringe. Before each measurement the
previous sample was flushed out by water and air. Between each two measurements a
calibration measurement with demineralized water was performed. In addition to the
interference spectrum, the transmission spectra of the sample arm and the reference
arm were measured.

The spectra were obtained with an exposure time that was varied between 200 µs and
1000 µs, depending on the transmittance of the sample. The number of spectra acquired
was 1000, except for the measurement at fv = 0.36 where it was set to 10 000.

The variance of the attenuation measurements was determined with Intralipid 20%
dilutions with similar attenuation coefficients as the samples of silica particles. These
were 11 to 13 measurements of Intralipid for the volume fractions of 0.5 vol.%, 1 vol.%
and 2 vol.% of Intralipid 20% in water. The standard deviation was determined as func-
tion of wavenumber k and attenuation µ. The standard deviation for a particular silica
particle solution measurement was determined with the weighted average of the near-
est two measured Intralipid attenuations. Since the transmission spectra of Intralipid
differs from those for silica, this was done per wavenumber. The combined results of the
Intralipid measurement is the wavelength and attenuation dependent standard devia-
tion of the attenuation of the silica samples σµ(µsca(k),k).

3.3.2. TEM PARTICLE ANALYSIS
The PSD of the particles that were used in this experiment was determined with trans-
mission electron microscopy (TEM) analysis. The TEM images were imaged with a Talos

(a)

500 nm

(b)

(c)

Figure 3.5: (a) TEM image of the silica particles. (b) The yellow circles show the particle circumference obtained
with a Hough transform (c) Segmented particles. Pixels with the same color are associated with the same
particle.
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Itot(k)4Iref(k)3Isam(k)1
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ϕ(k)6
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8

H{Iint}

ng = ϕ′/L
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Figure 3.6: Flow chart of the analysis of a single interference spectrum measurement. µs (k), ng (k) and GVD(k)
(steps 2,7,8) are obtained from Isam(k), Iref(k) and Itot(k) as indicated in the main text.

L120C microscope operated at 120 kV. The TEM samples were prepared by drop-casting
of the particle solution onto a carbon-formvar coated Cu TEM grid. An example of an
acquired TEM image is shown in Fig. 3.5(a). First, the noise in the images was reduced
with a convolution with a small square kernel of 5 pixels. Second, local outlying intensity
peaks were removed by morphologically opening and subsequently closing the negative
image with the same kernel. Third, the particles were selected from the image with a cir-
cular Hough transform from the OpenCV package [70], as is shown in Fig. 3.5(b). In total
7730 particles were analyzed in 4 micrographs. The particle diameter was determined
from the area of the particles in pixels on the micrograph. This area was determined
from the binarized TEM image, which is overlaid on top of the micrograph in Fig. 3.5(c).
The cutoff pixel value was determined using Otsu’s method [71]. A pixel is counted to-
wards the area of a particle if it is within the Hough radius with a margin of 3 pixels and
the pixel is in the binarized image.

3.3.3. PHASE AND AMPLITUDE ANALYSIS
The analysis of a single measurement is summarized in the flow chart shown in Fig. 3.6.
The analysis is similar to our previous work [72].

The spectra Itot, Isam and Iref are obtained in the wavelength domain. The wave-
lengths that are used in the analysis are between 410 nm and 930 nm. The spectra were
interpolated to the wavenumber domain to an array size of 8192.

The scattering attenuation µsca(k) is determined in step 1 and 2 of the flow chart
from the measured optical transmittance divided by the transmission spectrum with
demineralized water. The transmission spectrum of a sample with 5 vol.% particles and
its calibration with water are shown in Fig. 3.7(a). The source spectrum Isource(k), the
splitting ratio, and the losses of the setup itself are divided out with a calibration mea-
surement of the transmission spectrum of water, where µsca(k) = 0. The transmittance,
obtained from the ratio between the spectra in Fig. 3.7(a), is shown in Fig. 3.7(c). In step
5, the interference spectrum Iint(k) is calculated from the total spectrum Itot with

Iint(k) = Itot(k)− (Isam(k)+ Iref(k)) . (3.38)
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Figure 3.7: Analysis steps of a sample with 5 vol.% silica particles and its calibration measurement. The sample
arm intensity Isam(k) is shown in (a). The interference when both arms are open is shown in (b). The transmit-
tance of the same sample (c) and the spectral phase (d).

The measured spectrum of the same sample with blocked reference arm is shown in
Fig. 3.7(b). The phase spectrum φ(k) is obtained from the Hilbert transform of Iint(k)
and fit to a third order polynomial (step 6). In the last steps, the group index and GVD
are calculated from the fitted phase φ(k) with

ng = n +k
dn

dk
= 1

L

dφ

dk
(3.39)

and

GVD = 2

c2

dn(k)

dk
+ k

c2

d 2n(k)

dk2 = 1

Lc2

d 2φ(k)

dk2 , (3.40)

respectively. The group index ng (k) is related to the frequency of the calibrated interfer-
ence signal Iint(k). The GVD is related to the chirp of the same signal Iint(k).

3.3.4. MODEL-BASED ANALYSIS
The model-based analysis is based on two independent fitting routines: one for the re-
fractive index and one for the attenuation coefficient. A flowchart of the forward fitting
algorithm is shown in Fig. 3.8. The fitting routine is executed for every volume fraction
together.

In the refractive index routine the effective group refractive index as a function of
wavenumber is calculated with either the LF-QCA and CDM scattering models. This
loop uses a mean particle radius 〈a〉 and a phase index as initial input. The phase index
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Figure 3.8: Flow chart of the fitting procedure with the forward model. The parallelograms indicate the in and
output. The measured data are shown in blue, initial values are shown in beige and the fit parameters are
shown in cyan.

of the particle is described by a polynomial expansion as

np (k) = n0 +n1k +n2k2 +n3k3 . (3.41)

The initial polynomial parameters n0−3 of the phase index were chosen for silica parti-
cles with a porosity of 15% based on Daimon [73] and Malitson [74] for water and silica,
respectively.

The initial radius 〈a〉 was set to 50 nm. For particles that are small compared to
the wavelength, the polydispersity has a small effect on the effective refractive index.
Therefore, to speed up the calculation, the effective refractive index is calculated for a
monodisperse suspension with radius 〈a〉.

For the LF-QCA model, the phase index of the suspension Re{ñeff(k)} was calculated
from Eq. 3.18. The phase index for the CDM was calculated with Eq. 3.33. From the
estimated phase index, the effective group index of the suspension was calculated from
Eq. 3.39 and was compared to the measured group index.

An estimate of the phase index of the particles was obtained by minimizing the sum
of the square difference for all volume fractions between the measured effective group
index and the fitted effective group index, as predicted from the refractive index model
with volume fraction fv and radius 〈a〉 as input. In successive iterations the square error
was minimized with Scipy’s [75] Nelder-Mead algorithm [76] using the default precision.

After obtaining sufficiently close agreement between the modeled group index and
the measured group index the algorithm switches to estimate the attenuation coeffi-
cient, indicated with the loop shown on the right in the flow chart. Here, the particle
size distribution is obtained from a fit of µs (k) from the LF-QCA and CDM models to the
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attenuation with the estimated fit of the phase index from the previous loop. The particle
size distribution was parameterized with a normal distribution with mean radius 〈a〉 and
standard deviation σa . For the LF-QCA model, µsca(k) was calculated from Eq. (3.18).
For the CDM, µsca(k) was calculated from Eq. (3.35). The error that was minimized is
the square difference between the measured attenuation and the modeled attenuation
with relative weights W fv ,k = 1/σ2

fv ,k with σ2
fv ,k the variance in µsca obtained from the

Intralipid measurements. Similar to the case for the refractive index loop, the error was
minimized using the Nelder-Mead algorithm. The initial polydispersity was set at 5% of
the mean radius of 〈a〉init.

The forward models for both n(k) and µsca(k) were computed on the wavelength
range of 410 nm to 930 nm for 256 wavelengths. To compare with the measured scatter-
ing attenuation and group index, the measured data is interpolated to match the wave-
lengths of the forward fit. The scattering attenuation is calculated for 64 particle size
bins within four standard deviations of the mean. This was done to make the quality of
the sampling independent of the standard deviation of the particle radius σa .

The obtained mean particle radius 〈a〉 is transferred from the attenuation loop to the
refractive index loop to calculate the polynomial parameters of the phase index n0−3 of
the particles with the refractive index models. This phase index is then used to update
the PSD in the attenuation loop. This procedure is repeated until no further improve-
ment in the estimated mean diameter and polydispersity could be achieved. In prac-
tice, the diameter and polydispersity often do not significantly change after the first two
iterations, and do not change within machine precision after approximately the sixth
iteration, depending on the used model.

After completion of the full optimization routine, the porosity fv,pores is calculated
from the fitted phase index of the silica particles with the assumption that the pores fully
consist of water. The porosity is then calculated with

fv,pores =
〈

nfit(k)−nbulk(k)

nwater(k)−nbulk(k)

〉

k
, (3.42)

where nbulk(k) is taken from Malitson et al. [74] and nwater(k) is taken from Daimon et
al. [73].

3.3.5. ESTIMATION OF THE CONFIDENCE INTERVAL
The confidence interval of the mean diameter 〈a〉 and polydispersity σa is estimated
from the weighted residual R

R (〈a〉,σa) =
∑
fv ,k

W fv ,k (µs,exp,k, fv −µs,fit,k, fv (〈a〉,σa))2. (3.43)

Here µexp is the measured attenuation, µfit the fitted attenuation and W the weights
given by the Intralipid measurements. The region of confidence can be estimated as
the region R(〈a〉,σa) that lies below a threshold Rcutoff [77, 78]

R (〈a〉,σa) ≤ Rcutoff . (3.44)
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To heuristically find a reasonable Rcutoff, we fit 〈a〉 and σa to an attenuation spectrum
with one standard deviation offset given by

µvar( fv ,k) =µexp( fv ,k)+σµ( fv ,k)/
p

N . (3.45)

Here, µvar is the attenuation spectrum perturbed with the measured standard deviation,
N is the number of different measured volume fractions, which is 8, and σµ( fv ,k) is
the standard deviation as determined from the Intralipid measurements. The 〈a〉var and
σa,var are the mean radius and polydispersity fitted to µvar. The cutoff residual Rcutoff is
then given by

Rcutoff = R(〈a〉var,σa,var). (3.46)

The region of confidence for 〈a〉 and σa is then given by Eq. (3.44).

3.4. RESULTS

3.4.1. REAL PART OF THE EFFECTIVE REFRACTIVE INDEX
The measured group index and GVD for a volume fraction of fv = 0.36 colloidal silica
particles are shown in blue in Fig. 3.9. The result of the model-based analysis with the
CDM model that best matches the data is shown in red. Because this is a result of a fit
to all wavelength and volume fraction data, not just to the measurement at fv = 0.36, a
small offset from the group index data is present.

The volume fraction dependence of the model-based analysis of the group index is
shown in Fig. 3.10 for the wavelengths 450 nm and 800 nm. Both ng and GVD are linearly
dependent on volume fraction with no discernible nonlinearity in the group index data.
The prediction from the CDM model is shown in red. The group index obtained with
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Figure 3.9: Measured group index (a) and GVD (b) at different wavelengths compared to the Parola model for
a volume fraction of fv = 0.36 of silica particles in water.
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Figure 3.10: Measured and modeled group index at λ = 450 nm (a) and λ = 800 nm (b) for different volume
fractions of silica particles in water.

LF-QCA is not appreciatively different from CDM and is not plotted in Figs. 3.9 and 3.10.
The measurement uncertainty is of similar size as the plot markers.

For the real part of the effective refractive index, the most significant discriminator
between the CDM and LF-QCA effective refractive index models is the volume fraction
dependence of the GVD. In Fig. 3.11 the measured GVD and the fitted GVD are shown
for various wavelengths. For all wavelengths, with the exception of the GVD measured at
wavelengths longer than 700 nm, the GVD is nonlinear with increasing particle volume
fraction, particularly for lower wavelengths. It is remarkable that all models quantita-
tively match the data so well, despite the fact that the group index shown in Fig. 3.10
shows an almost perfect linear behavior. The volume fraction dependence of the GVD at
a single wavelength is small compared to the difference in GVD between the lowest and
highest measured wavelength.

The CDM describes the measured GVD reasonably well for all wavelengths. It does
have a constant offset at some wavelengths, but CDM clearly predicts a non-linear be-
havior of the GVD with volume fraction. The GVD, as calculated with the LF-QCA and
van de Hulst model, is indicated with the dotted lines in green and purple. The LF-QCA
and van de Hulst models always predict a linear increase of the GVD with volume frac-
tion, which is clearly not in good agreement with the data. Note that the phase index
used for the van de Hulst model was taken to be the same as for the CDM. The uncer-
tainty in the measurements is smaller than the plot markers.

The phase index of the silica particles that is obtained with the CDM and LF-QCA
model are shown in Fig. 3.12. Both models lead to a similar phase index. For comparison,
the phase index of pure, nonporous silica is shown in black. The porosity, as obtained
from the phase index of the particle obtained with the CDM, is 12.5%.

3.4.2. IMAGINARY PART OF THE EFFECTIVE REFRACTIVE INDEX
The measured scattering attenuation µsca(k) for the volume fractions of 0.05 and 0.36
as a function of wavelength is shown in Fig. 3.13, together with the CDM and LF-QCA
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Figure 3.13: Measured scattering attenuation µsca(λ) compared with the fits with the various models. The
CDM prediction of µsca(λ) for the PSD obtained with TEM is shown in purple

model predictions. For comparison, the CDM prediction with the PSD obtained from
the TEM analysis is also shown in Figs. 3.13 and 3.14. For the volume fraction of 0.05, the
CDM closely matches the measured attenuation, whereas the LF-QCA model overesti-
mates the attenuation coefficient for shorter wavelengths. For higher volume fractions,
it is the CDM that has an overestimation at lower wavelengths.

The differences for the various scattering models is more clearly visible when the
scattering attenuation is visualized as a function of volume fraction, as shown in Fig. 3.14.
For short wavelengths the higher attenuation results in a more precise attenuation mea-
surement (smaller error bars). For the wavelengths 450 nm and 500 nm the CDM model
is very close to the measured attenuation. However, for longer wavelengths both the LF-
QCA and the CDM underestimate the measured attenuation at high volume fractions.
The volume fraction of maximum attenuation for the CDM is 17.0% at λ= 450 nm and
14.5% at λ= 700 nm. For the LF-QCA model this is 13.2%. The peak of the CDM is closer
to the measured maximum.

The particle size distribution as obtained from the TEM analysis and the model-
based analysis for 〈a〉 and σa is shown in Fig. 3.15. The mean particle diameter as ob-
tained with the CDM is 102.2 nm with a confidence interval of (97.5 nm, 105.5 nm) with
a polydispersity of 6.6% (1.7%, 13.4%). For the LF-QCA model this is 89.7 nm (79.7 nm,
96.9 nm. The polydispersity obtained with the LF-QCA model is 19.6% (15.4%, 25.4%).
The mean size and polydispersity obtained from the TEM images is 99.7 nm and 9.4%.

3.5. DISCUSSION

3.5.1. COMPARISON OF COMPLEX REFRACTIVE INDEX MODELS
To the best of our knowledge we are the first to compare experimental results with the
CDM model. This is in contrast to the LF-QCA in the small scattering angle limit that is
widely used to model the dependent scattering effect on both the imaginary part [79, 80]
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Figure 3.14: Scattering attenuation as function of the volume fraction for four wavelengths.

and the real part of the effective refractive index [23, 39]. The CDM and LF-QCA have in
common that for both models the effective complex refractive index scales nonlinearly
with the volume fraction of the suspended particles.

The CDM accurately describes both the imaginary and the real part of the effective
refractive index. It is particularly noteworthy that this model is able to predict reasonably
well the nonlinear shape of the measured GVD curves. The LF-QCA model describes the
real refractive index reasonably well, but does not predict a nonlinear volume fraction
dependence of the GVD. Instead, it predicts a linear behavior, which is clearly not in
agreement with the measurements. The possible reason for this difference in behavior
in the GVD is that the full q dependence of the structure factor is not used for the LF-
QCA model, whereas for the CDM the full structure factor from 0 to 2km is taken into
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Figure 3.15: Particle size distribution as determined with the model-based analysis compared with the distri-
bution as obtained from TEM.

account.
The LF-QCA model performs poorly on inverting the measured attenuation spec-

tra to a PSD, since for the LF-QCA model an increase of polydispersity and an increase of
mean particle radius have a similar effect on the attenuation spectrum. For longer wave-
lengths, the LF-QCA model and the CDM provide similar results for the imaginary part of
the refractive index. However, for shorter wavelengths, the prediction for the attenuation
coefficient of the LF-QCA model is shifted upwards compared to the low volume fraction
experimental data and the CDM. For high volume fractions and at low wavelengths, the
LF-QCA model deviates less from the measured attenuation than the CDM.

The shape of the volume fraction dependence of the scattering attenuation as cal-
culated with the LF-QCA model does not change with the size parameter. For example,
the maximum attenuation is at fv = 0.13 for all wavelengths. However, the experimen-
tal data show that the volume fraction of maximum attenuation does depend on wave-
length. This is visible in the CDM fit, where the peak of maximum attenuation varies
with wavelength. The difference between the model predictions is due to the low fre-
quency solution of the LF-QCA that assumes a small particle size parameter x, which at
λ= 450 nm with x = 0.94 is clearly violated.

The small particle assumption of the LF-QCA also complicates the retrieval of the
PSD through the iterative model-based fit. Moreover, the mean diameter and the poly-
dispersity are strongly correlated. Increasing the mean particle size or increasing the
polydispersity has similar effects on the scattering attenuation and therefore cannot in-
dependently be determined. This effect is visible in the obtained PSD parameters where
both the mean particle radius 〈a〉 and polydispersityσa do not closely match the ground
truth obtained with TEM. The CDM model yields reasonable estimates for both the mean
particle size and the polydispersity, as it encodes the effect of polydispersity on the at-
tenuation better.

In addition to the low-frequency QCA and CDM models, we have tested the low-
frequency QCA with coherent potential (QCA-CP) [3] and Keller [14] models for the com-
plex refractive index. The refractive index and attenuation predicted by QCA-CP is very
similar to that as predicted by LF-QCA. The Keller model did not perform well for the
attenuation, since the particles used in this work have a too low size parameter. Better
results with the Keller model can be obtained with larger particles [81]. Interestingly, the
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Keller model predicts a strong volume fraction dependence on the GVD, which, however,
does not match data well. The comparison with these models can be found in Appendix
B.

3.5.2. STRUCTURAL CORRELATION EFFECTS ON THE REFRACTIVE INDEX
We have shown how dependent scattering encoded in the partial structure factor Si , j (q)
affects the refractive properties of a colloidal medium. Both the real and imaginary part
of the effective refractive index are dependent on concentration through the structure
factor. We believe we are the first to measure a nonlinear dependence of the real part
of the effective refractive index on the particle volume fraction. Previous work was lim-
ited to the liquid-crystal phase transition of a colloidal crystal. For example, Okubo [41]
measured an increase in the refractive index due to a phase transition in a dense col-
loidal medium. However, no comparison with a refractive index model was made, and
no nonlinear concentration dependence in the liquid phase, other than the phase tran-
sition, was observed.

The experiments presented in this work were performed with to a high degree hard
sphere particles. This has the advantage that a clear comparison with the theory can be
made through the Percus-Yevick approximation of the structure factor. Hence, other
structures, such as non-spherical particles, may give rise to different optical proper-
ties [82, 83], but can be described using the same formalism as long as the structure
factor is known. Furthermore, the ionicity of the fluid strongly influences the interac-
tions. For example, a lower salt concentration can give rise to an artificially high volume
fraction [41, 84], since the particles occupy a higher effective volume due to the repellent
inter-particle force. At a given particle volume fraction, this would lead to a stronger ef-
fective non-linear effect on the GVD. In this case, the hard sphere potential would need
to be replaced by a potential based on the zeta potential of the particle for obtaining an
accurate structure factor.

3.5.3. SCATTERING FORM FACTOR
Parola et al. provided a concentration dependent scattering amplitude fCDM(q) given by
Eq. (3.36) that is approximately equal to the Mie scattering amplitude fMie(q), shown in
Fig. 3.16(a). In the Rayleigh regime, the differences between these scattering amplitudes
are negligible. However, for larger particles, evaluation of Eq. (3.35) with the approxi-
mate fCDM(q), gives a slightly lower attenuation than expected from the Mie solution, as
can be seen in Fig. 3.16(b). When the Mie scattering amplitude is used, the estimated
PSD is only slightly closer to the PSD as obtained with TEM: the Mie-based PSD has a
mean diameter of 100.7 nm and a polydispersity of 6.4%. However, this result does not
significantly differ from the PSD as obtained with the scattering amplitude of Eq. (3.36).
Therefore, the particles used in this work were small enough to be well described with
the CDM scattering amplitude.

To use the CDM for larger particles, the Mie scattering amplitude is more accurate.
However, incorporation of the Mie phase function in CDM as used in Eq. (3.34) is not
possible due to the integration boundaries spanning infinite q range. An ad-hoc solution
would be to split the form factor such that for q < 2km the Mie scattering amplitude fMie

is used and for q ≥ 2km the CDM scattering amplitude fCDM. However, in contrast to the
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Figure 3.16: (a) The CDM scattering amplitude fCDM(θ) compared with the Mie form factor fMie(θ) for
monodisperse 100 nm particles at λ= 500 nm with a refractive index as measured in this work. In (b) the
corresponding attenuation is shown.

calculation of the scattering attenuation, this would not make a measurable difference
to the real part of the refractive index.

3.5.4. EFFECTS OF POLYDISPERSITY
The group index calculations were performed for a monodisperse particle size distri-
bution and not by the polydisperse PSD used in the attenuation loop. This choice is
substantiated by the fact that calculations showed that any realistic polydispersity of the
particle suspension has only limited effect on the group index and the GVD, as can be
seen in Fig. 3.17. Figure 3.17 shows that the GVD at the wavelengths of 500 nm and
600 nm is plotted for a monodisperse particle size distribution and a normal particle
size distribution with a strong polydispersity of 20% for particles with an average diame-
ter of 50 nm, 100 nm and 200 nm and the same refractive index as measured for the silica
particles as used in this work. Even for a polydispersity of 20%, the effect of the size dis-
tribution on the GVD is very low for diameters smaller than 100 nm. It also shows that
for smaller particles the particle correlations encoded in g (r ) have a negligible effect on
the GVD, as would be expected for a molecular mixture [72].

Although the concentration effect on the group index and GVD was rather small for
100 nm particles, it was large enough to fit the phase index and distinguish the behavior
of the different models. For larger particles Parola et al. predicted a more prominent
concentration dependence of the refractive index for size parameters x between 1.5 and
2.0, particularly for a volume fraction higher than 0.3. This would correspond to particles
with a diameter of 200 nm in Fig. 3.17. Therefore, it would be of interest to investigate
the concentration dependence of larger particles.

3.5.5. MEASUREMENT OF PARTICLE PROPERTIES
The refractive index, PSD, and porosity of a sample of silica nanoparticles was deter-
mined through a fit of the refractive index and particle properties. The mean particle
size and polydispersity obtained with the LF-QCA model deviates significantly from that
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Figure 3.17: CDM calculations of the concentration dependence of the scattering attenuation µs and the GVD
for particles with a diameter of 50 nm, 100 nm and 200 nm at the wavelengths of 500 nm and 600 nm.

obtained with TEM. Better results are obtained with the CDM, where the PSD has a mean
radius very close to that obtained with TEM. However, the estimated polydispersity is
lower compared to the TEM images, albeit comparable. A main contributor to the size
of the confidence intervals of the diameter and polydispersity, is the strong correlation
between them. Therefore, the confidence interval would be smaller for larger size pa-
rameters where the effects of the mean size and polydispersity on the scattering attenu-
ation spectrum µsca(k) can be better separated. The porosity obtained from the CDM is
12.5%, which is similar to reported in literature for silica particles grown with the Stöber
method, where this varied between 9% and 13% [85–87].

The phase index of the suspended particles themselves is determined by means of
comparing forward modeling with measurements. Therefore, we present here an unin-
trusive method to determine the refractive index of the colloidal particles within a sus-
pension. This can be beneficial in the case of porous particles, where the phase index
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of the particles cannot be retrieved with an index matching experiment. Moreover, this
provides an opportunity for particle sizing methods based on light scattering, since the
CDM for the scattering attenuation is dependent on knowledge of the refractive index of
the particles. In fact, uncertainty of the refractive index of the particle can be a limiting
factor in the accuracy of particle sizing with Mie inversion [28, 88]. Furthermore, the
effective refractive index itself has been used for particle sizing for a few decades [36].
Therefore, understanding of the concentration dependence of the effective refractive in-
dex is important, at least to give an upper bound for the volume fraction under which
the regularly used van de Hulst or Arago-Biot equations are valid.

In this work, the inversion required measurements at different a priori known vol-
ume fractions. Obviously, this is not possible when measuring at a single volume frac-
tion. However, when the refractive index of the particle is known a priori, measurement
of the group index could be used for direct measurement of the volume fraction [72].
This could eliminate the need for measurements at different volume fractions for deter-
mining the particle size.

Although the wavelength range of 410 nm to 930 nm is broad, for distinguishing the
effect of the mean diameter from the polydispersity, it is best to use wavelength such that
x > 1, i.e., using smaller wavelengths than used here for 100 nm particles. This will allow
for a better PSD reconstruction due to the Mie resonances, even without parametrization
of the PSD [89]. For the particles used in this work, this would mean measurements of
fewer volume fractions would be required when the transmittance would be measured
at lower wavelengths.

3.6. CONCLUSION
In this work, the concentration dependence of the effective complex refractive index of a
colloidal suspension of 100 nm silica nanoparticles was investigated with spectral inter-
ferometry. For the real part of the effective refractive index, it was found that the group
index scaled linearly with the volume fraction but that the concentration dependence of
the GVD was nonlinear.

The data were compared to two models: the coupled dipole model proposed by
Parola et al. provided both quantitatively and qualitatively a good description for both
the group index and the GVD. The LF-QCA model did not predict the nonlinear behavior
of the GVD.

The models were used in an iterative loop to estimate the mean particle radius, poly-
dispersity, and porosity. For the CDM, the porosity of the particles was 12.5%. The par-
ticle size was found to be 102.2 nm with a polydispersity of 6.6%. The size distribution
obtained with the small angle LF-QCA model had a mean diameter of 89.7 nm and a
polydispersity of 19.8%. The results obtained with the CDM were in good agreement
with electron microscopy measurements.
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4
OPTICAL INTERFEROMETRIC

SPECTRAL AND DYNAMIC

MULTI-PARAMETER FLOW SENSING

In this work, a Mach-Zehnder spectral interferometer in transmission with a wavelength
range of 450 nm-950 nm was combined with a monochromatic (λ = 637 nm) Michelson
interferometer in reflection. With transmission spectral interferometry, the optical trans-
mittance, and the refractive properties of a medium can be measured. With the reflec-
tion signal, the heterodyne DLS signal was measured. This allows for the real-time mea-
surement of the mean particle size, polydispersity, volume fraction and flow rate. These
parameters were measured for various flow conditions and four volume fractions of a
monodisperse sample of 100 nm sodium silicate particles. In addition, the response of
Intralipid in an acidic environment was monitored real-time in-flow over several hours.
Changes in the mean particle size and the increase in polydispersity due to simultaneous
dissolution and aggregation of the Intralipid sample were measured.
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SENSING

4.1. INTRODUCTION
In-line flow sensors that are able to sense multiple parameters in turbid media find a
wide range of applications. Among the quantities of interest are flow rate [1, 2], pres-
sure [2, 3], viscosity, volume or mass fraction [2] and composition [4]. Examples of real-
time monitoring of these quantities include the chemical industry [5, 6], the food indus-
try [4, 7], the pharmaceutical industry [8, 9] and environmental science [10, 11]. The
applicability of flow sensing methods does not need to be confined to a tube or flow cell.
Flow speed and particle size are routinely measured in vivo, as well [1, 12]. Furthermore,
real-time flow sensing has many applications for organs-on-chips [2].

For particle suspensions, the particle size distribution is often one of the key param-
eters of interest [8, 13]. Around the turn of the millennium, real-time in-flow characteri-
zation of the particle size distribution was considered as one of the key challenges in the
development of new particle sizing techniques [14]. Decades later, this is still considered
a technical challenge [6].

The particle size distribution of a suspension can be measured non-optically using
a Coulter counter [15] or with ultrasound [16]. A Coulter counter can be used for parti-
cle sizing for dilute particle suspensions. With ultrasound spectroscopy, the particle size
distribution can be accurately measured in-flow, and for a very broad size range, poten-
tially spanning from 10 nm to 1 mm. However, proper particle sizing with ultrasound
requires substantial prior knowledge about wave propagation through the sample [17].

Optical methods to measure the particle size have the advantage that they are non-
invasive. Furthermore, changes in composition can be detected with a measurement
of the absorption spectrum [4, 18]. On-chip [19] and fiber-based [20] optical sensors
are ubiquitous and therefore economical. Optical methods to determine the particle
size are, among others, focused beam reflection measurements (FBRM) [21], or parti-
cle tracking analysis (PTA), also called nanoparticle tracking analysis (NTA) [22–24]. The
particle size can also be derived from the angle dependence of the scattering, which can
be measured with laser diffraction analysis or static light scattering. The angle depen-
dence of the scattered light on a particle is often used for cell sizing in-flow cytome-
try [25]. FBRM is commonly applied in industrial settings [5], but is only applicable for
larger particles (> 100 nm), and the chord length distribution needs to be mapped to a
size distribution [26]. NTA is only applicable for dilute samples and for very low flow
rates.

Dynamic light scattering (DLS) is a well-established technique for particle sizing [27,
28]. While mainly used for off-line particle sizing, it can also be applied to real-time size
control for the laser fabrication of nanoparticles [29]. The DLS signal is often measured
with a homodyne detection scheme [30, 31]. However, heterodyne detection leads to
increased sensitivity, higher temporal correlation, and sensitivity to the Doppler shift
caused by the axial flow component.

The DLS signal can also be measured with optical coherence tomography (OCT) and
is called DLS-OCT. This technique is already commercialized and widely applied [32],
for example for size monitoring during liposome production [33]. With OCT, a reflec-
tion tomogram is made with spectral interferometry [34–36]. Therefore, the intensity
fluctuations that are measured with DLS-OCT can be resolved in depth. With Doppler
OCT, the phase in the interference spectrum is used to measure the flow speed in the
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axial direction [35, 37]. In fact, DLS and Doppler OCT can be combined [38–40] to give
all components of the velocity vector in 2D. However, for a full 3D characterization of
the flow, a scanning beam is required. Furthermore, OCT needs a spectrometer, which
typically is slower than a photodiode. This limits the lowest particle size that can be mea-
sured with DLS. For high flow speeds, the decay of the autocorrelation is fully dominated
by the flow, the diffusion coefficient cannot be extracted. This can be mitigated with the
use of scanning DLS-OCT, where a B-scan is made in the direction of the flow, thereby re-
ducing the flow decorrelation. However, for non-scanning DLS-OCT measurements, the
diffusion contribution to the autocorrelation can only be measured close to the edges,
where the flow is lowest [39].

Whereas DLS(-OCT) is sensitive to the flow speed, the transmittance of the sample
is not. The transmittance can be used for real-time in-flow particle sizing using a fit
with Mie theory to the measured attenuation spectrum [41]. For example, the Mie at-
tenuation spectrum is used to measure particle aggregation during a latex agglutination
antigen test [42]. For smaller particles, the polydispersity and the mean diameter of a
particle size distribution have a similar effect on the Mie scattering spectrum. This leads
to ambiguity when Mie scattering is used for particle sizing, as is discussed in Chapter 3.
This ambiguity can be broken with a transmission measurement for different concen-
trations, but this would make real-time sensing impossible.

More importantly, for small particles or for polydisperse particle size distributions,
the inversion of the Mie spectrum requires the concentration or volume fraction of the
dispersed particles. With optical methods, the volume fraction can be obtained with a
measurement of the refractive index, or chromatic dispersion [43]. Conveniently, the
attenuation and the group index ng can be measured simultaneously.

In sum, an interferometric transmission experiment will allow for the measurement
of the volume fraction and of the Mie scattering spectrum, whereas in reflection the par-
ticle dynamics caused by flow and Brownian motion can be used to determine the mean
particle size. Simultaneous measurement in both reflection and transmission will allow
for both. The Mie scattering spectrum and the DLS signal will complement each other
to obtain a better estimate of the particle size distribution.

This work combines broadband interferometric transmission measurements with
reflection heterodyne DLS. The simultaneous measurement of the transmittance and
DLS autocorrelation allows for a real-time measurement of the flow speed, volume frac-
tion and particle size distribution. These parameters are measured for a sample of 100 nm
sodium silicate particles for varying flow speeds and volume fractions. In addition, the
response of a diluted Intralipid 20% solution to HCl is measured in a time-lapse mea-
surement to show the feasibility for real-time applications.

4.2. THEORY

4.2.1. TRANSMISSION INTERFEROMETRY
The interference spectrum of a Mach-Zehnder interferometer is described in Chapter 2,
concluding with Eq. 2.4:

Iint(k) ∝ S(k)e
1
2µ(k)L cos(kδ−n(k)kL) . (4.1)
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Here, S(k) is the source spectrum, µ(k) is the attenuation of the sample, L the width of
the sample, and δ the length difference between the reference and the sample arm, and
n(k) the refractive index of the medium.

The group index at the center wavenumber kc can be calculated from the difference
in position of the maximum of the Fourier transform of Iint, zCOM, and a calibration
measurement [44]. The group index can be obtained from an optical path length (OPL)
shift of the center of mass of the peak ∆z = zCOM − zCOM, cal. Here zCOM and zCOM, cal are
the center of masses of the peak in the depth domain, and the calibration measurement,
respectively. The group index calculated from this shift is given by

ng (kc ) = ng ,cal(kc )+ ∆z

L
. (4.2)

With a known phase index of the particle np (k), and of the embedding medium, nm(k),
the group index can be used to measure the volume fraction with

fv = ng (kc )−ng ,m(kc )

ng ,p (kc )−ng ,m(kc )
. (4.3)

Here, ng ,p and ng ,m are the group indices of the particle and the embedding medium
calculated from the phase index, respectively. The attenuation spectrum µ(k) can be
found from a Lambert-Beer relation

µ(k)L = ln(Ical(k))− ln(Isam(k)) . (4.4)

The dependent scattering attenuationµ for a polydisperse system can be calculated with
the same scattering model used in Chapter 4, Eq. 3.35 [45, 46],

µsca = 2π
∫ π

0

N∑
i , j

√
ρiρ j fi (θ) f j (θ)Si , j (θ)sin(θ)dθ . (4.5)

Here, θ is the scattering angle, ρi the number density and fi the scattering amplitude per
size bin i . The partial structure factor Si , j in the Percus-Yevick approximation is taken
from [47], and is also given in Appendix A.

4.2.2. HETERODYNE DLS IN FLOW
The intensity on the detector of an interferometric DLS setup as shown in Fig. 4.1(a) is
given by

Idet = Er E∗
r +Es E∗

s +Er E∗
s +Es E∗

r , (4.6)

with Er the field of the reference arm and Es the field of the sample arm. When the source
light is highly stable (Er (t ) = Er ) and the amplitude of the reference field is much larger
than the amplitude of the sample field (Er ≫ Es ), the autocorrelation of the intensity
on the detector gdet(τ) after subtraction of the DC component E∗

r Er , is given only by the
cross terms of Eq. 4.6,

gdet(τ) = 〈Er E∗
s (t )E∗

r Es (t +τ)〉
〈E∗

r Es Er E∗
s +E∗

r Es Er E∗
s 〉

+ 〈E∗
r Es (t )Er E∗

s (t +τ)〉
〈E∗

r Es Er E∗
s +E∗

r Es Er E∗
s 〉

= Re
{

g1(τ)
}

. (4.7)
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Figure 4.1: (a) A Michelson interferometer. BS stands for beam splitter. (b) The flow profile v(z) and the
intensity decay I (z) in a flow cell.

Since the left fraction equals the complex conjugate of the right fraction, the autocorre-
lation of the detector intensity equals the real part of the autocorrelation of the sample
field Es , which is given by g1. In the single scattering approximation, the autocorrela-
tion g1 for a field originating from depth z and for monodisperse diffusive particles in
constant flow is given by [48]

g1(τ, z) =
〈

Es (t )E∗
s (t +τ)

〉

〈Es E∗
s 〉

= Ae−Dq2τe i qvz (z)τe−v(z)2τ2/w2
0 . (4.8)

Here, q is the scattering wavenumber, which is for backscattered light given by q =
2neff(k)k. A is a fit parameter related to uncorrelated measurement noise in the signal,
which can depend on depth [39], but is assumed to be constant. The flow profile v(z)
has an axial component vz (z) = v(z)sinα, with α the angle between the direction of the
flow and the lateral plane. That is, α = 0, when the flow is perpendicular to the optical
axis.

In Eq. 4.8, w0 is the lateral beam waist for a Gaussian beam shape and D is the diffu-
sion constant of the particles given by the Stokes-Einstein equation

D = kB T

6πaη
, (4.9)

with kB the Boltzmann constant, T the absolute temperature, a the particle radius, and
η the viscosity [49–51].

A sketch of the flow profile v(z) and the intensity I (z) is shown in Fig. 4.1(b). The
autocorrelation g1 from the field is given by Eq. 4.8. Fields originating from depths are
uncorrelated, except for very short time scales. Therefore, the autocorrelation of the field
at the detector, which is the sum of all fields originating from all depths, is the average
autocorrelation g (τ, z) weighted by the amplitude of the electric field at depth z. The
amplitude of the field in the sample is given by the Lambert-Beer’s law, e−µz . Therefore,
the measured autocorrelation is assumed to be given by the average of the autocorrela-
tion over the length of the channel with spatially varying flow weighted by the intensity
decay e−µz , i.e.,

g1(τ) = 1

L
e−Dq2τ

∫ L

0
e i qvzτe−v2(z)τ2/w2

0 e−µz dz . (4.10)
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If vz is small, the effects of the diffusion and flow on g1(τ) can be separated by the ratio of

g1(τ) and its time derivative g ′
1(τ). Since the diffusion part e−Dq2τ does not depend on z,

it can be written outside the integral of Eq. 4.10. Here we define the flow autocorrelation
gflow(τ) to be

gflow(τ) = 1

L

∫ L

0
e i qvzτe−v2(z)τ2/w2

0 e−µz dz , (4.11)

where z being the physical depth. Hence, Eq. 4.10 can be simplified to

g1(τ) = gflow(τ)e−Dq2τ . (4.12)

Assuming vz is small, the logarithmic derivative g ′
1(τ)/g1(τ) is given by:

g ′
1(τ)

g1(τ)
=

g ′
flow(τ)

gflow(τ)
−Dq2 . (4.13)

The fraction g ′
flow(τ)/gflow(τ) is only sensitive to the nonlinear exponents of Eq. 4.10.

4.3. MATERIALS AND METHODS

4.3.1. EXPERIMENTAL SETUP
The experimental setup is shown in Fig. 4.2. The setup combines a spectral Mach-
Zehnder interferometer as described in Chapter 2, with a single wavelength Michelson
interferometer for reflection. This setup was used for two experiments. First, the flow
rate, mean diameter, volume fraction and polydispersity were measured with the auto-
correlation g1, group index ng and transmittance for a sample of a sample of moderately
monodisperse 100 nm sodium silicate particles (Köstrosol 10050, CBK).

These quantities were determined for various volume fractions and flow rates. The
second experiment is a long-term measurement of the change of the particle size distri-
bution of an Intralipid sample with a gradually decreasing pH value in-flow.

The transmission beam path is shown in green. The source is a supercontinuum laser
(EVO EUL-10, NKT). The part of the spectrum with a wavelength larger than 950 nm is
filtered with a dichroic mirror (DMLP950, Thorlabs) and sent to a beam dump. The beam
is split into a reference arm and a sample arm with a plate beam splitter with a splitting
ratio of 50/50 (BSW26R, Thorlabs). In the sample arm, the light is focused on the flow
cell by an f = 50 mm lens (AC254-050-AB-ML, Thorlabs), and collimated with a similar
lens. In the reference arm, there is a second beam splitter to split the reference beam
for the Mach-Zehnder interferometer from the reference of the Michelson interferome-
ter (BSW26R, Thorlabs). The length of the Mach-Zehnder reference arm can be adjusted
with a translation stage. In the reference path, two lenses (AC254-050-AB-ML, Thorlabs)
are placed to compensate for the dispersion for the lenses in the sample arm. The inten-
sity of the reference signal is adjusted with a neutral density filter wheel (NDC-100C-4M,
Thorlabs).

The beams are recombined with a plate beam splitter (BSW26R, Thorlabs). After re-
combination, the light passes two neutral density filters (ND4A and ND10A, Thorlabs) to
attenuate the signal and an iris (SM1D12D, Thorlabs) to filter out stray light. The beam is
coupled into a fiber (M23L01, Thorlabs) with a reflective collimator (RC08FC-P10, Thor-
labs) and analyzed with a spectrometer (FX VIS-NIR, Ocean Optics).
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Figure 4.2: Schematic of the combined spectral interferometry/DLS setup. BS and ND stand for beam splitter
and neutral density, respectively.

The beam path of the Michelson interferometer for the reflection mode is shown
in red in Fig. 4.2. The light source is a diode laser that emits at 637 nm (CPS635R, Thor-
labs). The beam path shares the same plate beam splitter and the same lens as the Mach-
Zehnder interferometer. The strength of the reference path is set with an iris (SM1D12D,
Thorlabs). The intensity of the reference signal is approximately 10× to 20× as strong
as the sample signal, varying from experiment to experiment. When the intensity of the
reference signal is approximately 100× larger than the sample signal, the interferome-
ter signal can be approximated as being fully heterodyne [31]. Therefore, the detection
and signal analysis are from here on approximated as fully heterodyne. The reference
beam passes through the same lens as the sample arm. The length of the reference arm
is changed with a translation stage to match the optical path length of the sample arm.

The combined sample and reference signals are coupled into an optical fiber (M23L01,
Thorlabs) using the same type of reflective collimator (RC08FC-P10, Thorlabs) as in the
Mach-Zehnder part of the setup. The beams are detected with a photodiode (PDA100A2,
Thorlabs) with 50 dB gain. In front of the photodiode a 10 nm wide bandpass filter with
a center wavelength of 635 nm is placed (FLH635-10, Thorlabs). The signal is detected
with an oscilloscope (DS1102E, Rigol). A single oscilloscope measurement has 1048572
points. During experiments, the setup can be switched from transmission mode to re-
flection mode with a flip mirror (MFF101/M, Thorlabs).

4.3.2. SAMPLE MOUNTING AND CALIBRATION
For the experiment, a 1 mm flow cell (45/Q/1, Starna) was used. To reduce reflections
from the surface of the flow cell, a tilt angleβwas introduced. This angle was set to about
4°, as indicated in Fig. 4.3(a). This angle was perpendicular to the flow. This did not fully
prevent that a small additional Doppler angle was introduced. The flow is created with a
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Figure 4.3: (a) Sketch of the tilt angle β (b) and the Doppler angle α with respect to the cuvette and interferom-
eter.
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Figure 4.4: (a) The autocorrelation functions measured for a dilute Intralipid sample used for flow calibration.
(b) Fit with Eq. 4.10 of the highest and lowest discharges.

syringe pump (Fusion 100, Chemyx) and a 5 ml syringe (Plastipak, BD).
The angle α and beam waist w0 of Eq. 4.11 were calibrated with an Intralipid flow

measurement with 5 vol.% Intralipid 20% dilution (1.1 vol.% particles). The autocorre-
lation functions from the calibration measurements are shown in Fig. 4.4(a). Each flow
rate is calibrated with 6 measurements of each 1048572 points in length. The beam waist
is measured to be 5.5 µm, and the angle α 1.37°. This angle is too small to cause promi-
nent Doppler fringes in the autocorrelation. The angles α and β together make a total
angle with the z-axis of 4.2°. This increases the path length in the channel to 1001.5 µm.
Calibration was performed using a dilute sample of large particles, in this case Intralipid,
to minimize the effect of diffusion on the autocorrelation. The fit to the autocorrelation
is shown for two flow rates in Fig. 4.4(b).

The volume fraction of the particles was determined by measuring the density of
the bulk particle suspension, which has a mass fraction of 0.5. The mass density of the
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particles is measured to be 1.85 g/cm3. This corresponds to a bulk volume fraction of
0.35. The refractive index of the sodium silicate particles is determined with a calibration
measurement of the group index with the 11.7 vol.% Köstrosol sample. The dispersion
is assumed to be the same as for the silica particles used in Chapter 3. The calibration
yields a refractive index ng (k) that is 0.992 times the refractive index of the silica particles
used in Chapter 3.

For the monodisperse sample, the attenuation, group index and autocorrelations
were measured for 4 different volume fractions for flow rates up to 2 ml/min. This flow
rate corresponds to a maximum flow speed in the center of the channel of 5.3 mm/s.
For each flow rate, two transmittance measurements for the attenuation and group in-
dex were made and four measurements of the autocorrelation. The flow rates were mea-
sured in the order 0 ml/min, 0.5 ml/min, 1.0 ml/min, 1.5 ml/min, 2 ml/min, 1.75 ml/min,
1.25 ml/min, 0.75 ml/min, 0.25 ml/min and 0.1 ml/min. This order was chosen to detect
drift in the measurements, possibly as a result of sample heating. The oscilloscope time
scale was set to 1 s. The time resolution of the autocorrelation measurement is 11.4 µs.
An example of the photodiode potential V (t ) for both sodium silicate particles and In-
tralipid is shown in Fig. 4.5. The optical transmittance measurements are calibrated with
demineralized water at the start and end of the flow rate sweep.
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Figure 4.5: Example of the measured photodiode potential for the two particle species and used for dynamic
light scattering measurements.

The supercontinuum laser has pulse-to-pulse variations in the spectrum. Further-
more, the laser has a power drift when operated for a long time, that is, more than an
hour. To compensate for the power drift, the water spectrum used for calibration is based
on the reference power of a measurement, since this is independent of the sample. The
calibration spectrum at the start of the measurement series is given by Isam,water1(k), and
at the end by Isam,water2(k). The calibration spectrum that is used for a measurement
taken between these two calibrations is the average of these two spectra, weighted by
the total power in the reference arm for that specific measurement compared to the to-
tal power in the reference arm in the calibration measurements. In short, the calibration
for a measurement is then given by:

Iwater(k) = acalIsam,water1(k)+ (1−acal)Isam,water2(k) (4.14)
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with acal given by

acal =
∫

Iref,sample(k)dk −∫
Iref,water1(k)dk∫

Iref,water2(k)dk −∫
Iref,water1(k)dk

. (4.15)

Since the group index measurements are not affected by power fluctuations, the position
of the center of mass in the OPL distribution zCOM,water is the average of both calibration
measurements. Each time the syringe ran out, the same suspension was pulled again
into the syringe, and reused for the next measurement.

The time-lapse flow sensing measurement was done with the same flow cell and with
the same angle and as for the monodisperse sample. The sample was 3 ml of 5 vol.%
Intralipid 20% with a particle volume fraction of 1.1 vol.%. For each time step, there
was one attenuation and group index measurement, four autocorrelation measurements
with a flow rate of 0.5 ml/s and two autocorrelation measurements of the suspension
without flow. The time between each combined measurement was about five minutes.
During the time-lapse, 10 µl of a solution of 0.37 wt.% HCl (258148, Sigma-Aldrich) and
demineralized water was added to the Intralipid. The estimated lower bound of the pH at
the end of the time-lapse experiment at t = 5.2 h, is 0.57, based on the amount of added
HCl and approximating the sample as demineralized water. However, this ignores the
buffering capacity of the Intralipid and dissolution of the soy oil particles would remove
H+ ions from the bulk solution, thereby increasing the pH.

4.3.3. SIGNAL ANALYSIS
The analysis steps for the small angle configuration are summarized in the flowchart
in Fig. 4.6. In step 1, the attenuation of the sample is determined from the transmis-
sion spectrum. An example of the measured intensity on the spectrometer is shown in
Fig. 4.7(a). The spectra between 450 nm and 950 nm are resampled over 8192 bins to
ensure linear spacing in wavenumber. For the time-lapse experiment, the minimum
wavelength is 550 nm, since the transmittance is less for this more turbid sample.

µ(λ)1 ng2 g1(t)
4 µλ=637 nm

5

Q6

D7fv
3σPSD

Dcomp

8

n(λ)

Figure 4.6: Flow chart for the analysis of the monodisperse sample and time-lapse experiment.

In Fig. 4.7(a), the red spectrum is the measured intensity of the sample, and in blue is
the spectrum of the water calibration measurement. The transmission spectrum is ob-
tained by dividing the sample intensity with the water calibration intensity. This trans-
mittance is shown in Fig. 4.7(b). The fringes of the self-interference and transmission
spectra of beam splitters are the same in the water and divide out. In addition, the spec-
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Figure 4.7: Transmission measurement of the 11.7 vol.% sample without flow. (a) Spectra as measured. (b) the
interference spectra. (c) the transmittance as calculated from the spectra shown in (a). (d) Shift in the peak of
the OPL distribution.

trum is smoothened with a Savitzky-Golay filter as provided by Scipy [52] with 101 bins
and order 3.

In step 2, the group index is determined from the interference spectrum. As an ex-
ample, the measured sample and reference interference spectra are shown in Fig. 4.7(c).
The measured transmission spectra of the sample arm and reference arm are subtracted
from the interference spectrum. The spectrum is divided by the envelope of the inter-
ference signal, where the envelope is obtained from the absolute value of its Hilbert
transform. The envelope is filtered by a Savitzky-Golay filter with 201 bins and order
3. The OPL distribution, as shown in Fig. 4.7(d) is the square of the Fourier trans-
form of the apodized interference spectrum. The group index at the center wavenumber
kc = 10.3 µm−1 is determined from the center of mass of the peak in the optical path
length distribution according to Eq. 4.2. The peak width is 34 µm around the position of
the maximum.

In step 3, the volume fraction is calculated based on the measured group index and
the calibrated phase index according to Eq. 4.3.

In step 4, in the flowchart of Fig. 4.6, the autocorrelation of the potential fluctuations
V (t ) of the photodiode is calculated according to

g1(τ) =F−1 {
F

{(
V (t )−Vavg

)}
F∗ {(

V (t )−Vavg
)}}

. (4.16)

Here, Vavg is the average potential of a measurement. The amplitude term A of Eq. 4.8
is normalized, and the average of g1 between 5 ms and 10 ms is subtracted. The latter
is done to remove the effect of long-timescale drift or fluctuations over time in V (t ) on
g1 that is present in some measurements. For the Intralipid time-lapse experiment, the
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Figure 4.8: (a) autocorrelation for each measured flow rate for the 11.7 vol.% particles. (b) Fraction g ′
1/g1 for

the flow rates 1 ml/min and 2 ml/min. (c) the logarithm of the flow corrected autocorrelation. (d) Measured
and fit autocorrelation for a flow rate of 2 ml/min compared to the autocorrelation without flow.

average of g1 between 16 ms and 20 ms was subtracted. The average autocorrelation g1

for the fv = 11.7 sample is shown in Fig. 4.8(a) for all measured flow rates.
In step 5, the attenuation at the wavelength of the diode laser is taken from the atten-

uation measurement of step 1. This is used for the fit of the flow rate, as calculated from
Eq. 4.11 to the first term of Eq. 4.13 in step 6. The depth-dependent flow rate v(z) for a
laminar flow for a rectangular channel was calculated using an analytical expression [53],
for a profile at the center of the channel, as is also given in Appendix C. The autocorre-
lation fit domain was τ> 172 µs and g1(τ) ≥ 0.15. Therefore, the autocorrelation for the
stationary sample was fit with 45 points and the autocorrelation for Q = 2.0 ml/min with
21 points. These fits are shown in Fig. 4.8(b).

In step 7, the diffusion coefficient D is obtained by a third order polynomial fit to the
logarithm of the autocorrelation

ln(g1)− ln(g1,flow) = a0τ
3 +a1τ

2 +a2τ+a3 . (4.17)

Here, ln(g1,flow) is the theoretical flow component calculated with Eq. 4.11 for Q as ob-
tained in step 5, and α and w0 as calibrated. The cubic term is to incorporate the small,
but nonzero, axial velocity component vz . The diffusion is D = a2q−2. The particle di-
ameter is then obtained from Eq. 4.9. The viscosity is assumed to be that of water at
22° C, the value taken from [54]. The resulting fit to the flow compensated autocorrela-
tion gexp/gflow is shown in Fig. 4.8(c), and in Fig. 4.8(d) to the full autocorrelation.

In step 8, the polydispersity σPSD is determined from the attenuation spectrum µ(k)
and the measured volume fraction. The dependent scattering attenuation is calculated
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according to Eq. 3.35, with the Mie scattering amplitude fi (θ) calculated with the Mie-
python package [55]. For the monodisperse sample, the attenuation spectrum is divided
in 45 linearly spaced wavenumbers. The particle size distribution ρi is assumed to have
a normal distribution. The distribution is discretized with 33 bins between ±1.5σPSD.
The forward calculated dependent scattering attenuation spectrum is fit to the exper-
imental attenuation with the Scipy implementation of the Nelder-Mead optimization
algorithm [52, 56], by minimizing

∣∣∣∣∣am −
∑

i aiσback,i e−(ai−acomp)2/(2σ2
PSD)

∑
i σback,i e−(ai−acomp)2/(2σ2

PSD)

∣∣∣∣∣

2

. (4.18)

Here, am is the measured uncompensated particle radius, σback,i , the backscattering
cross section of a particle with radius ai , and acomp the polydispersity compensated ra-
dius. Note that this compensated particle radius is incorporated into the error function
used for minimizing the attenuation spectrum fit, resulting in two nested optimization
loops.

The process in step 8 is similar for the time-lapse experiment. In this case, because of
the lower particle concentration, the volume fraction dependent scattering is not taken
into account, which significantly reduces the computation time. This allows for a larger
number of size bins and wavenumber subdivisions, which are both set to 257. The parti-
cle size distribution is assumed to have a log-normal distribution, with a polydispersity
range ±2.5σPSD. Furthermore, the mean diameter is not compensated for the polydis-
persity. The refractive index of soy oil particles, used for the attenuation spectrum fit, is
taken from [57].

The uncertainty in the attenuation and group index measurements of the sodium sil-
icate sample is assumed to be two times the standard deviation for each volume fraction.
The uncertainty in the flow rate is two times the standard deviation for each flow rate.

4.4. RESULTS

4.4.1. IN-FLOW SENSING OF SILICA PARTICLE SUSPENSIONS
The measured and fitted scattering spectra of the monodisperse sample of sodium sil-
icate particles are shown in Fig. 4.9. Since the relative uncertainty of the high volume
fractions is lower, the fit to the data of the 11.7 vol.% sample (pink) is better than the
fit to the spectrum of the 2.9 vol.% sample (green). The increase in turbidity is clearly
smaller at larger volume fractions, indicating the need to incorporate volume fraction
dependent scattering in the fit model. The attenuation spectra for Q > 0 is similar to
those shown in Fig. 4.9.

The mean particle diameter obtained from DLS measurements of sodium silicate
particles in water fitted with Eq. 4.10 is shown in Fig. 4.10. The obtained mean particle
diameters have not been corrected for polydispersity. The diameter standard deviation
is quite low for measurements at different flow rates for the same volume fraction. How-
ever, the measured diameter for the highest volume fraction of 11.7 vol.% is about 5%
higher than that for the lower volume fractions.

An overview for all results of the sodium silicate samples is shown in Fig. 4.11 for the
four volume fractions, different flow rates, and for the case without flow. In Fig. 4.11(a),
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Figure 4.9: Measured attenuation of monodisperse sodium silicate particles in water from transmitted inten-
sity.
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Figure 4.10: Mean particle diameter obtained from dynamic light scattering measurements without perform-
ing polydispersity compensation

the attenuation at the wavelength of 637 nm is shown, and in Fig. 4.11(b) the group
index at center wavenumber kc = 10.3 µm−1(λ = 611 nm). The flow rate does not have
an influence on the transmittance nor the group index. The flow rate Q, as determined
from Eq. 4.13, is shown in Fig. 4.11(c). The flow rate can be accurately measured between
Q = 0.75 ml/min and Q = 1.75 ml/min. Flow rates below or equal to Q = 0.5 ml/min have
a high variance, and are generally lower than the expected value.

The measured diameter after polydispersity compensation is shown in Fig. 4.11(d).
The systematic error is reduced compared to the uncompensated diameter. However,
this comes at the cost of a higher variance. The standard deviation is 7.4 nm for 2.9 vol.%
and 0.6 nm for 11.7 vol.%. The measured volume fraction is shown in Fig. 4.11(e). The
volume fraction is a rescaling of the group index according to Eq. 4.3. There is no depen-
dence on the flow rate and good agreement with the expected value is observed. Parti-
cle number polydispersity is shown in Fig. 4.11(f). For the two larger volume fractions,
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Figure 4.11: Summary of all quantities measured for the flow sensing experiment of the monodisperse sample
for all four volume fractions and for all measured flow speeds. (a) The measured attenuation. (b) The measured
group index at 611 nm. (c) The flow rate. (d) The diameter corrected for the polydispersity. (e) The volume
fraction as determined from the group index. (f ) The polydispersity.

the polydispersity shows small variance but has a systematic error towards larger values
compared to our expected polydispersity. For the lower two volume fractions the vari-
ance in the volume fraction is quite high, and for some flow rates the measured polydis-
persity is 0%. This large error for the measured polydispersity of these two volume frac-
tions is caused by the uncertainty in the measured group index, and consequently the
volume fraction. Although the variance in the volume fraction, as shown in Fig. 4.11(e),
is low compared to the measured polydispersity, a small error in the volume fraction has
a large effect on the fitted polydispersity, particularly for small polydispersities (< 10%).
The attenuation is only slightly higher for samples with a polydispersity of 10%, com-
pared to ideal monodisperse samples.

4.4.2. TIME-LAPSE IN-FLOW INTRALIPID SENSING
The results of the time-lapse Intralipid flow experiment are shown in Fig. 4.12. The
weight fraction (·10−5) of HCl dissolved in the sample is indicated with the numbers at
the top of each panel. The HCl was added to the sample at the start of each beige or
white colored time interval with the exception of the first interval. The development of
the attenuation at λ = 637nm is shown in Fig. 4.12(a). The expected value for the at-
tenuation taken from the measurement shown in Chapter 2 is indicated with the dashed
black line. The attenuation increases with increasing HCl concentration. After the ad-
dition of additional HCl to the sample at 1 h and 2.3 h, the attenuation peaks before it
slowly decays. After 2.7 h the attenuation remains flat, until the 4.2 h time mark, after
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Figure 4.12: Summary of the results of the time-lapse flow sensing experiment, with the measured value shown
in green. Dashed black lines represent expected values. The numbers at the top of each graph indicate the HCl
weight fraction in units of 10−5.(a) The measured attenuation at 637 nm over time. The expected attenuation
is 4.27 µm−1. (b) The measured group index. The expected group index is ng = 1.3473, taken from [57], and the
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to be 0.5 ml/min during the experiment. (d) The measured diameter in flow (green), and without flow (red).
(e) The measured volume fraction. The expected volume fraction is 1.1 vol.%. (f ) The measured polydispersity
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Figure 4.13: Measured and fitted attenuation as a function of wavelength at two times of the time-lapse flow
sensing experiment.

which the attenuation increases but becomes too high to reliably measure the optical
properties.

The measured group index of the suspension is shown in Fig. 4.12(b). Overall, the
measured group index is slightly underestimated compared to the literature value, with
the exception of the region around t = 1 h. The flow rate is shown in Fig. 4.12(c).
After adding HCl, the variance of the flow rate measurements increases significantly.
For all measurements the flow rate is underestimated and the estimate of the flow rate
slowly decreases over time. The development of the diameter over time is shown in
Fig. 4.12(d). The diameter measured without flow is shown in orange and with a flow
of Q = 0.5 ml/min is shown in green. The diameter decreases with about 10 nm after
adding HCl. The diameter slowly increases again after the t = 2 h mark. The diameters
obtained with and without flow are very similar. The volume fraction as obtained from
the group index is shown in Fig. 4.12(e). The measured volume fraction is lower than the
expected value, with the exception of the region around t = 1 h.

Particle polydispersity over time is shown in Fig. 4.12(f). The polydispersity as ob-
tained from the fit with the measured diameter, measured volume fraction and attenu-
ation is shown in green. The polydispersity as obtained with the expected volume frac-
tion, instead of the measured volume fraction, is shown in purple. The polydispersity
increases steadily over time. When the expected volume fraction is used to fit the poly-
dispersity, the increase in polydispersity over time is much more gradual.

The attenuation spectra of the first (t = 0 h) and last (t = 5.2 h) measurement of the
time-lapse series are shown in Fig. 4.13. The log-normal size distribution is a good fit
for the first measured spectrum. This is no longer the case for the last spectrum. It was
observed that during the time-lapse experiment the sample visibly changed, switching
from white to gray. The transmitted beam shape at t = 0 h did not seem to be affected
by the Intralipid suspension other than having a lower intensity due to the attenuating
sample. The transmitted beam for t = 5.2 h had a more pronounced and moving speckle
pattern compared to the beam at t = 0 h.



4

98
4. OPTICAL INTERFEROMETRIC SPECTRAL AND DYNAMIC MULTI-PARAMETER FLOW

SENSING

4.5. DISCUSSION
In this work, the combination of a transmission spectral interferometer with heterodyne
DLS allows for real-time sensing of the mean particle size, polydispersity, volume frac-
tion and flow speed of a turbid medium. The combination of transmission and reflec-
tion potentially allows for access to more properties of colloidal media than the sum of
both would, as we have access to the flow rate and realize a reduction of the ambigu-
ity between the mean size and polydispersity in the Mie inversion of the transmission
spectrum.

4.5.1. SILICATE PARTICLE SUSPENSION SENSING
The polynomial fit of the logarithm of the autocorrelation according to Eq. 4.17 enabled
the removal of the effect of the flow rate on the fitted diameter. This permits simulta-
neous measurement of both flow speed and particle diameter. However, a polydisperse
sample gives rise to higher-order exponents in the autocorrelation function [59]. This
has a similar effect on the autocorrelation as flow, which may lead to flow rate estima-
tion errors. The resulting autocorrelation would retain the effect of the polydispersity.
Potentially, and without flow, a polydispersity index can be obtained with a fit to the
autocorrelation, with a cumulant expansion[59], or the CONTIN algorithm[60, 61].

The variance in the measured polydispersity is quite large. This is caused by the fact
that the measurement uncertainty in the attenuation, group index and diameter, as well
as the choice of the particle size distribution, all affect the uncertainty of the polydis-
persity. Furthermore, a low polydispersity (around 10%) has only a small effect on the
attenuation coefficient, as can also be seen in Chapter 3. Therefore, the polydispersity
of these narrow distributions is difficult to measure with the Mie scattering spectrum.
The spikes in the polydispersity as shown in Fig. 4.11(f) correlate with the order, and
hence the sample drift, in which the measurements were made. Since this drift affects
the refraction measurements, and also correlates with a slight increase in the measured
volume fraction, this is likely caused by heating of the components of the experiment.
Since the sample is flowing, heating should not be significant in the sample. The sodium
silicate particles used for this work have a moderate size polydispersity of 9%. In addi-
tion, in the independent scattering regime, an increase in the particle diameter or in the
polydispersity has a similar effect on the scattering attenuation, which causes an ambi-
guity when relying on the attenuation alone to obtain the particle size distribution.

The ambiguity between the diameter and polydispersity in the attenuation spectrum
results in amplification of measurement errors when the diameter as measured with DLS
is compensated for the polydispersity as obtained with the attenuation spectrum. An
overestimate of the diameter would create an underestimate of the polydispersity and
vice versa. This, in turn, would result in an undercompensation, leaving the estimated
diameter still too large. There is less ambiguity between the polydispersity and diameter
in the dependent scattering regime.

In summary, the fitted polydispersity serves as a good indicator of particle size distri-
bution changes over time, or to compare two otherwise similar samples, but the method
needs to be improved upon for the sensing of absolute polydispersities. A lower flow rate
or higher particle diameter will increase the reliability of the measurement of absolute
values. Furthermore, the reference power may be increased such that the homodyne
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component of the autocorrelation is even lower compared to the heterodyne compo-
nent. However, for sensing changes in the size distribution, instead of the measurement
of the absolute size and polydispersity, this method can still work well.

4.5.2. TIME-LAPSE INTRALIPID SENSING
There are two mechanisms behind the increase in polydispersity upon addition of HCl.
First, the screening effect of the hydrochloric acid ions decreases the zeta potential. This,
in turn, leads to aggregation from the decrease in repellent electrostatic forces. Both the
polydispersity and the mean particle size would increase. A similar screening effect can
be achieved with other ions, such as NaCl.

The second mechanism is the dissolution of the lipid particles. In this case, the
apolar molecules in the soy oil particles react with the H+ ions to form polar, soluble
molecules. This mechanism would decrease the particle size, and increase the poly-
dispersity, since larger particles have a lower outer surface to volume ratio than small
particles.

The mean particle size decreases from t = 1 h onward, and then increases from the
t = 2 h mark. This indicates that both mechanisms play a role. For comparison, Ife et al.
[62] found that for similar lipid particles the mean diameter decreases for pH levels be-
tween 4 and 2.5, and they observed a small increase for a pH lower than 2.5. They found
that the substitution of HCl with NaCl with similar molarities only led to an increase in
particle size. This means that both mechanisms apply to the dissolution of Intralipid
with HCl.

The particle size distribution of Intralipid is assumed to be log-normal. A log-normal
distribution has a similar shape as the skewed distribution as reported in [63]. This dis-
tribution fits the measured attenuation spectrum of Intralipid well, which can be seen in
Fig. 4.13. However, for the Intralipid sample with HCl, the underlying particle size dis-
tribution seems to have deviated from log-normal. The change in attenuation between
the sample at t = 0 h and t = 5.2 h is not only visible in the attenuation spectrum, but is
also noticeable in the appearance of the sample. The change of color, and the appear-
ance of the speckle pattern indicates the presence of larger particles in the sample. The
small change in mean diameter suggests that the significant change in the attenuation
spectrum is due to a broadening of the particle size distribution.

For the sodium silicate particle suspension, the volume fraction measurement is a
limiting factor to an accurate polydispersity fit. In Fig. 4.12(f) the polydispersity, as
determined with the expected volume fraction, does not have the dip in polydispersity
around the 1 h mark. This time range corresponds to a time when there is an increased
measured volume fraction, as can be seen in Fig. 4.12(e). The precision of the refractive
index measurement is limited to setup stability and channel height. The group index
can be measured more accurately in wider channels. However, this would limit the max-
imum volume fraction that can be accurately measured for strongly scattering materials.
The stability of the setup is less of a concern for on-chip optics, where there is less room
for movement, or uneven temperature changes.
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4.5.3. DLS AUTOCORRELATION FUNCTION IN FLOWING SUSPENSIONS
The separation of the effect of diffusion and flow on the measured autocorrelation in
Eq. 4.13 assumes that any nonlinearity in the decorrelation rate is due to flow. This as-
sumption holds for the higher flow rates observed in the sodium silicate measurements,
but for a high polydispersity and a low flow rate this is no longer the case. The high poly-
dispersity and low flow rates in Intralipid measurements make the change in polydisper-
sity a likely cause for the decrease in flow rate visible in Fig. 4.12(c). The autocorrelation
for a moderately polydisperse sample may be written with a cumulant expansion [64]

g1(τ) = Ae−D0q2τ+ 1
2µ2τ

2
. (4.19)

Here the parameter µ2 increases with increasing polydispersity, and is positive. There-
fore, g1 decays slower with higher polydispersity, and a lower flow rate may be obtained
using the procedure outlined here.

The model used in this chapter also neglects hydrodynamic interactions between
the particles [65, 66]. The hydrodynamic interactions increase the apparent diameter for
large volume fractions. Therefore, the slightly higher diameter for the 11.7 vol.% in Fig.
4.10 may be caused by hydrodynamic interaction between the particles. The differences
in diameter for different volume fractions appear to be smaller in Fig. 4.11(d) compared
to Fig. 4.10, however this cannot be concluded due to the larger standard deviation in the
polydispersity compensated measurements. Other improvements that could be made
to the DLS model include the sub-diffusion part of the autocorrelation, which must be
considered for very low volume fractions [35].

The accuracy of DLS flow measurements can be improved by increasing the Doppler
angle α. In that case, the flow rate can be easily determined by the complex Doppler
part of the heterodyne autocorrelation in Eq. 4.10, which is very similar to LDF. A disad-
vantage of LDF is that the correlation time is much shorter. This limits its applicability
for accurate particle sizing. An LDF experiment for both flow measurement and particle
sizing is described in Appendix D.

Another factor that is not accounted for, is the effect of shear on diffusion [67–70].
For a maximum flow speed of 5.3 mm/s in a 1 mm wide channel, the shear effects are
not expected to be significant with respect to the diffusion and Doppler terms [71]. This
means that a simple integration over the depth dependent flow speeds in Eq. 4.10 is
justified.

The averaging in Eq. 4.10 only weights the electric fields based on the amplitude of
the field, which is proportional to e−µs z , with µs the scattering attenuation and z the
depth into the channel. This can be improved upon by considering the effect of the
depth dependence of the signal to noise ratio (SNR) on the autocorrelation. Because
the SNR is governed by shot noise, which scales with the square root of the detected
signal, it decreases with increasing depth z, where the signal is attenuated according to
the Lambert-Beer law.

4.5.4. SENSING APPLICATIONS
In this work, the interferometric transmission spectrum and the heterodyne DLS signal
in reflection were measured. The particle size can potentially be measured more accu-
rately with the incorporation of more scattering angles. This is often used in flow cy-
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tometers and commercial particle sizers. The method presented in this work can also be
used to detect changes in the scattering anisotropy. The standard deviation in the inten-
sity of the photodiode is proportional to the anisotropy factor. The standard deviation
for the time-lapse measurement is shown in Fig. 4.14. Since the decrease in backre-
flected signal is related to both the cross section of the particles, the anisotropy factor
and the volume fraction of the dispersed particles, proper modeling of the scattering
is required to obtain the anisotropy factor [72–74]. For dilute samples, the anisotropy
factor is simply given by the ratio of forward and backscattered light [75]. For strongly
scattering media, multiple scattering needs to be taken into account, with, for example,
the adding-doubling method [76, 77].

For industrial sensing applications, the measurement of absolute values is often less
important than detecting changes in relevant quantities, or to monitor whether the mea-
sured values are nominal [5]. Therefore, the sensor read-out, in this case the attenuation,
group index and the decay rate of the autocorrelation, is often sufficient. This diminishes
the need for a model for the sample parameters, such as particle diameter, volume frac-
tion and polydispersity. In this case, the diffusion coefficient is sensitive to changes in
the particle size, the group index to changes in volume, and the attenuation to the poly-
dispersity.

The techniques presented here, can potentially be integrated into a sensing platform.
Besides integration of the optical path and spectrometer, a main issue is the broadband
light source, While supercontinuum lasers have a high output power, they are bulky and
expensive. It is possible to generate a supercontinuum spectrum on a chip, but this
would still require a high power external pump laser [78, 79]. In this case, SLDs could
provide a suitable alternative. SLDs have a narrower spectrum, but they are more sta-
ble and have less noise in the spectrum, which would make it possible to do DLS and
transmission measurements with the same source. Furthermore, with on-chip integra-
tion, the optical sensors can be combined with mechanical sensors, such as MEMS and
Coriolis sensors, to include measurement of pressure and viscosity [80].
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Figure 4.14: Standard deviation of the measured photodiode (PD) potential in the time-lapse experiment.
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4.6. CONCLUSION
The experiments and analysis in this work provide a method for real-time, in-flow si-
multaneous measurement of flow, volume fraction, particle size and polydispersity. This
is achieved with the combination of a spectral Mach-Zehnder interferometer combined
with a heterodyne DLS setup. These parameters were tested for a monodisperse sam-
ple of 100 nm particles for volume fractions between 2.9 vol.% and 11.7 vol.% and flow
speeds up to 5.3 mm/s. The same method was applied for a real-time in-flow measure-
ment of a sample of Intralipid 20% and water in which the pH steadily decreased to an
estimated lower bound of 0.57 over the duration of 5.2 h.

DATA AVAILABILITY
Data underlying the results presented in this chapter and the relevant analysis routines
are available in Ref. [81].
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5.1. CONCLUSION
In this work, the bulk optical properties of turbid and transparent media were measured
with visible light transmission spectral interferometry. The light source is a supercon-
tinuum laser, which allows the measurement of the optical properties for a broad spec-
trum of 400 nm to 930 nm. The interferometer and its performance are described in
Chapter 2. With Fourier filtering, amplitude, and phase analysis, the transmission spec-
trum, group refractive index and group velocity dispersion (GVD) are determined from a
single measurement of the spectral interferogram. These properties are extracted from a
single-shot measurement, which makes this approach suitable for optical sensing. The
GVD is obtained from a single broad-spectrum measurement, instead of a fit through
multiple measurements at a single wavelength. This greatly increases the precision of
the GVD, since the GVD is dependent on the first and second derivative of the phase
index with the wavenumber.

In Chapter 2, the transmission spectra of turbid media were described with a semi-
empirical light scattering model, where there was no direct relationship between the
optical properties to physical fluid properties, such as the volume fraction and particle
size distribution. Therefore, fluid properties could only be obtained through calibration.
Hence, in Chapter 3, the attenuation coefficient and refractive index of a suspension
were calculated from the fluid properties through more complete effective refractive in-
dex models that incorporate dependent scattering effects. Volume fraction dependent
scattering in the imaginary part of the effective refractive index is well known. How-
ever, the effect of the volume fraction on the real part of the refractive index is smaller,
and there is little experimental research in the literature. Therefore, the physics of the
dependent scattering effect of the effective complex-valued refractive index was further
investigated. The complex refractive indices of various volume fractions of silica nano-
particles with a diameter of 100 nm were measured, and related to a dipole model and
the low-frequency QCA model [1]. In this work, a nonlinear relationship between the vol-
ume fraction and the GVD was found and compared to theory. The dipole model given
by Parola et al. [2] described the nonlinear relationship of the GVD both qualitatively
and quantitatively.

Both the dipole and QCA model were used to fit the particle phase index and size dis-
tribution to the measured group index and attenuation coefficient. The size distribution
as calculated with the dipole model was close to the particle size distribution as obtained
with transmission electron microscopy. Moreover, the fit with the dipole model allows
for a simultaneous measurement of both the phase index and the particle size distribu-
tion of suspended particles. This is particularly useful for characterizing porous parti-
cles, since the refractive index of porous particles depends on the embedding medium.

For particles that are too small to have Mie resonances and for polydisperse particle
size distributions, where the Mie resonances are washed out, there is ambiguity between
the mean particle size and the polydispersity. That is, both have a similar effect on the
scattering attenuation spectrum. Therefore, the method presented in Chapter 3 only
works when there are multiple dilutions of the same particle sample, which makes it
less applicable for in-line sensing. A solution for in-line sensing is presented in Chap-
ter 4. Here, the transmission interferometer described in Chapter 2 was expanded with
a Michelson interferometer in backreflection. With the second interferometer, the het-
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Figure 5.1: Measured physical properties and obtained flow parameters.

erodyne DLS signal was measured at a single wavelength. The use of the additional DLS
information broke the ambiguity between the mean particle size and the polydisper-
sity that arises when the particle size is determined from the Mie spectrum alone. For
this experiment, all measured parameters are summarized in Fig. 5.1. The volume frac-
tion is determined with the group index, and the mean particle size and the flow speed
are determined with DLS. Together with the mean particle size obtained with DLS, the
Mie spectrum was used to obtain the polydispersity. The DLS extension enables sens-
ing of smaller particles, though its signal must be corrected for flow effects. The method
described in this thesis allows DLS not only to be used in flow, but also to be used to
measure the flow rate.

5.2. OUTLOOK

5.2.1. IMPROVED PHASE ESTIMATION
Throughout this thesis, the instantaneous spectral phase is obtained from a Hilbert trans-
form of the interferometric signal. The Hilbert transform is relatively fast and easy to
implement. A disadvantage of the Hilbert transform is that it creates fringes near the
edges of the spectrum, see Fig. 2.6, that cause the first derivative of the reconstructed
phase to the wavenumber k to have limited useful spectral range. These fringes can be
reduced by means of a continuous wavelet transform (CWT). With this method, a signal
is convolved with a range of wavelets with different frequencies, or chirplets with differ-
ent frequencies and chirps [3, 4].

An example of how the CWT can improve the calculation of the spectral phase is
shown in Fig. 5.2. Here, the interference spectrum of a water sample of 200 µm and a
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Figure 5.2: (a) Interference spectrum of a water sample. (b) The absolute value of the CWT and (c) the real
value of the CWT. (d) The phase of the signal as obtained with the Hilbert transform and the CWT.



5

110 5. CONCLUSION AND OUTLOOK

240 µm distance between the sample arm and the reference arm. The frequency with
the highest overlap with the wavelet kernel function has the highest amplitude when
the signal is convolved with the kernel. Therefore, the interference spectrum shown in
Fig. 5.2(a) is convolved with Morlet wavelets with a range of center frequencies. The
absolute value shown in Fig. 5.2(b) represents how much of each frequency is present
at each wavenumber k. The real part of the CWT is shown in Fig. 5.2(c). The y-axes
of Fig. 5.2(b) and Fig. 5.2(c) indicate the center frequencies of the wavelets. The phase
obtained from the complex angle of the average CWT spectrum weighted by the absolute
value given in Fig. 5.2(b) is less sensitive to the edge fringes than the Hilbert transform.
As an example, the derivative of the phase to k is shown in Fig. 5.2(d), and compared
to the result of the Hilbert transform. The CWT is very close to the ground truth, but
a polynomial fit to the phase obtained with a Hilbert transform gives a similar result
and the CWT is much slower. The main advantage of a CWT over a Hilbert transform
is that it does not require a fit with, for example, a polynomial, to obtain the refractive
properties of the sample. In addition, it may no longer be necessary to remove the lowest
and highest wavenumbers, as shown in Fig. 2.6(e), where the spurious fringes are the
strongest, from the data.
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Figure 5.3: (a) Derivative of the spectral phase φ to the wavenumber k of an Intralipid sample with a Hilbert
transform and the CWT. (b) The GVD obtained from a polynomial fit to the phase obtained with both methods.

An example of the phase estimated with CWT for an Intralipid 20% sample in a 200 µm
cuvette is shown in Fig. 5.3(a). The fringes in the derivative of the phase for CWT are
slightly lower than the fringes obtained with the Hilbert transform. Furthermore, the re-
gion where the phase is undisturbed by the edge effects is larger for the phase as obtained
with CWT. Since the GVD depends on the second derivative of the phase, smoothening
the data or fitting the phase is still necessary to obtain the GVD accurately. The GVD
calculated from a polynomial fit to the phase, as obtained for both methods, is shown
in Fig. 5.3(b). Both methods give very similar results for the type of interference signals
used in this work. However, for signals that are not as clean as those measured in this
thesis, for example when there are more frequencies present in the signal, the inherent
frequency filtering of the CWT may yield better results. The CWT is also useful to analyze
spectra with more frequencies, e.g. when there are multiple pathlengths in the signal. In
that case, the CWT wavelength can be tuned to a single frequency such that the phase is
estimated only for the frequency of interest. The main advantage over Fourier filtering
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is that this frequency can be wavenumber dependent, which is useful for signals with a
strong chirp.

5.2.2. PHASE REFRACTIVE INDEX ESTIMATION
An advantage of spectral interferometry is that both the phase (spectral dispersion) and
amplitude (spectral attenuation) are directly measured. An example of this advantage
is the measurement of the GVD. The GVD is often obtained from a fit through a few
individual data points, e.g., measured with an Abbe refractometer at a few distinct wave-
lengths. Since the GVD depends on the first and second derivative of the phase index
to the wavenumber, this fit induces a large error in the measured GVD. When measured
spectrally, the interferometric signal is close to a continuum, with as many data points as
there are pixels in the spectrometer. This enables much more accurate dispersion mea-
surements, though it introduces a 2π ambiguity in the relationship between the phase
index and the group index given by Eqns. 2.8 and 2.9. However, there are some cases
where a phase-index measurement is required. For example, in Chapter 4, the calcula-
tion of the particle size polydispersity required the phase index of the particle, where the
phase index was obtained from literature. This requires prior knowledge of the sample,
and is difficult to apply to porous particles, where the refractive index of the particle is
lower than that of bulk.

Figure 5.4: (a) Refractive index as obtained for N = 83 to N = 85. (b) Interference spectrum as obtained with
no angle and an angle of α= 15°. (c) The phase refractive index as obtained from the interference in Figure (b).

The setup described in this thesis can be modified to measure the phase index to-
gether with the group index. For example, when the channel is sufficiently small, the
phase index can be obtained with relatively little prior knowledge of the dispersion curve
[5]. The phase index n(k) can be obtained directly from the unwrapped spectral phase
φ(k) with

n(k) = φ(k)+2πN

kL
. (5.1)

Where N is the integer number of full wavelengths that fit within the channel size L
from the starting point of the phase wrapping. This is typically the lowest measured
wavenumber.

An example of the phase index obtained from various values of N is shown in Fig.
5.4(a). Here, the refractive index n(k) of water is shown as obtained from the interfero-
metric signal and its Hilbert transform of a hypothetical L = 50 µm wide channel. The
phase ambiguity 2πN can be determined with prior knowledge and the use of Eq. 5.1,
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since the refractive index curve for N = 83 is unrealistically low, and the curve for N = 85
exhibits negative dispersion, which is not impossible, but uncommon. Therefore it is
found that N = 84.

The phase index can also be obtained from a spectral phase measurement with two
or more distinct and known path lengths through the sample [6]. An example is shown
in Fig. 5.4(b). Here, two interference signals are shown for a 100 µm wide cuvette with
water and a distance between the sample arm and reference arm of 125 µm. The blue
signal is for a cuvette placed normal to the incident beam, α = 0, therefore the path
length through the sample is L1 = 100 µm. The orange signal is for a cuvette placed with
an angle α = 15°. This angle increases the path length L2 to 100.97 µm. The number of
phase wraps for both angles, N1 and N2, can be found by solving

n(k) = φ1(k)+2πN1

kL1
= φ2(k)+2πN2

kL2
. (5.2)

This can be done with a range of reasonable trials for values of N1. The value for N2 can
be obtained from the ratio L2/L1 as

N2 = round

[
1

2π

〈
L2

L1

(
2πN1 +φ1(k)

)−φ2(k)

〉

k

]
. (5.3)

The correct value for N1 is then found when the equation for N2 gives the same refractive
index spectrum n(k) as obtained for one of the values for N1. This gives N1 = 10 and
N2 = 13. The number of phase wraps is low, compared the previous example due to the
longer distance between the sample arm and the reference arm. Note that Eq. 5.2 can
only be solved when L1/L2 is not a natural number. Furthermore, the best fit results
are obtained when the difference between L1 and L2 is not too large. Therefore, the
small difference in sample distance induced by the small angle of the cuvette works well
compared to an additional path through the sample.

5.2.3. BULK OPTICAL PROPERTIES OF STRONGLY SCATTERING MEDIA
One application of the measurement and theoretical modeling of dependent scattering
effects is the measurement of both the particle size distribution and the phase index of
the particles. The theory used in this work was implemented to moderately sized parti-
cles with a size parameter slightly larger than unity. In this case, the nonlinear volume
fraction dependence of the refractive index is small and only noticeably nonlinear in the
volume fraction dependence of the GVD. When applied to larger size parameters, the
nonlinear effects are expected to be larger and to change the volume fraction depen-
dence of the imaginary part of the effective refractive index [2]. When the size parameter
x = km a becomes significantly larger than 1, the scattering efficiency of the scatterers
may even increase for high volume fractions, as opposed to the more typical decrease
of the attenuation for high volume fractions [7–9]. For even larger particles, the coupled
dipole model may no longer be sufficient. An example of an alternative model that has
been applied for larger particles is the Keller multiple scattering model [8, 10, 11].

For propagation through dense media composed of particles with a high scattering
anisotropy, the diffusive component of the transmitted light is non-negligible, or even
sizable. Therefore, the transmitted light is partially spatially coherent and the electric
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field in the medium is no longer a plane wave. Hence, the assumptions behind the mod-
els used in this thesis are no longer valid. In that case, the electric field consists of a
coherent plane wave, and a diffuse part [12].

Ballistic light can still be described with an effective refractive index, but the diffusive
component no longer has a well-defined optical path length. The diffusive part can be
filtered out with coherence gating, filtering based on optical path length [13–15]. The
ballistic light has a relatively thin peak at low path lengths in the optical path length dis-
tribution, whereas the diffusive part has a long tail at higher path lengths. Diffusive light
and multiple scattering also affect the DLS signal, but for this case also coherence gating
can be applied to DLS by means of DLS-OCT. For DLS-OCT, the diode laser must be re-
placed by the supercontinuum laser, and the photodiode by a high speed spectrometer.
By selecting only low penetration depths, the effect of multiple scattering and diffuse
light can be avoided.

For strongly scattering media with fully diffusive transmitted light, the optical prop-
erties can be calculated with the diffusive wave approximation to the radiative transfer
equation. This approximation is often used to model wave propagation in tissue [16–19].
For very complex media it may be impossible to calculate the attenuation spectrum and
refractive index analytically and need to be simulated, e.g. with Monte Carlo methods.
However, this is slow, and requires much prior knowledge of the sample.

5.2.4. IMPROVEMENTS FOR DLS DIFFUSION ESTIMATION
In this work, the diffusion part of the DLS signal is assumed to be fully governed by the
Stokes-Einstein equation, which describes free diffusing particles. However, a high vol-
ume fraction of scatterers influences the DLS signal. The presence of other neighboring
particles, which is prominent for concentrated samples, influences the mean square dis-
placement caused by hydrodynamic interactions that are mediated through the embed-
ding medium, electrostatic and excluded volume interactions, and multiple scattering
[20]. These effects are not included in the Stokes-Einstein equation, which assumes in-
dependent diffusion only. A model that is often used to describe hydrodynamic effect is
given by Beenakker [21] and has been applied to DLS-OCT [20]. This model was tested
on the polydispersity corrected mean size, as shown in Fig. 4.11(d) in Chapter 4. How-
ever, in this case the standard deviation of the measured mean particle size increased,
and an unwanted volume fraction dependence of the measured diameter was found.
Therefore, a compensation of the hydrodynamic interactions, as well as for the electro-
static and excluded volume interactions were omitted in this thesis. Potentially, the q
dependence of DLS-OCT can be used for improved particle sizing in dense media [20].

In this work, the first-order autocorrelation g1(τ) was measured with a heterodyne
DLS setup. However, for dilute samples, the number-fluctuation term in the second-
order autocorrelation term g2(τ) can also be used for particle concentration measure-
ments and flow characterization [22]. To measure the number-fluctuation term, the DLS
setup as described in Chapter 4, needs to be modified to a DLS-OCT system to ensure a
small coherence-gated measurement volume. This can be done by changing the diode
laser with a broadband light source, and the photodiode with a high-speed spectrom-
eter. The number-fluctuation term is present in the homodyne signal, i.e., the sample
intensity without the reference signal. In this case the coherence gating of OCT and the
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improved sensitivity make this method better suitable for DLS-OCT. Coherence gating
creates a high axial resolution to reduce the total number of particles in the focal vol-
ume, while the improved sensitivity is required since dilute samples have low backscat-
tering. Number-fluctuation DLS-OCT creates an opportunity for particle concentration
and flow speed measurement in very dilute suspensions, where measuring other param-
eters, such as the group index, are challenging. However, since the number-fluctuation
term requires very low particle concentrations, detecting a signal that is strong enough
can be challenging.

The DLS signal analysis used in this work assumes single scattering. However, for
dense colloidal media, multiple scattered light cannot be neglected in the autocorrela-
tion function. In that case diffusive wave spectroscopy (DWS) multiple scattering may be
used to provide a better particle size estimate in dense media [23, 24]. Multiple scattering
has two advantages over single scattering DLS. First, multiple scattering potentially al-
lows the measurement of more scattering wavenumbers q . Second, this method is more
sensitive to small movements on short time scales. The autocorrelation of DWS depends
on the phase shift due the Brownian motion at each scattering event, but also on the
optical path length distribution, which depends on the sample geometry.

Alternatively, the q dependence of the diffusion can be measured with differential
dynamic microscopy [25]. Here, the intensity autocorrelation of a pixel in a microscope
video is measured over time. The q dependence is obtained by a spatial Fourier trans-
form of the image. With this technique, the autocorrelation for very low scattering wave-
numbers q can be measured, which allows for the use of slower detectors compared to
DLS in a back-scattering configuration.

5.2.5. FUTURE IMPROVEMENTS OF MULTI-PARAMETER FLOW SENSING
The spectral interferometric method described in this thesis can be applied for sensing
in both transparent and turbid media. Applications for spectral interferometry alone in-
clude, for transparent media, glucose content monitoring and salinity measurements [14,
26]. For turbid media, both the transmission spectrum and the refraction can be used
for particle sizing [27, 28]. Chapter 4 describes how spectral interferometry augmented
with DLS can be used to measure the particle size and flow rate in real-time. Similarly,
the addition of more sensing modes will allow the extraction of more information about
the sample.

For example, to make better use of the autocorrelation function for particle sizing of
polydisperse samples, the dependence on the flow rate can be eliminated by measuring
the flow with a reference method, for example, the measurement of the pressure differ-
ence [29], using MEMS [30, 31] or Coriolis sensors [32, 33]. The autocorrelation function
can then be corrected for the effect of the flow rate, and subsequently be used for particle
sizing. The particle size distribution can then be obtained from the autocorrelation with
the methods of cumulants [34], or the CONTIN algorithm [35].

Alternatively, flow or pressure sensors can be used to measure the viscosity to remove
uncertainty about this from the fitting routine. The viscosity depends on the composi-
tion of the medium and is used to calculate the particle diameter from the measured
diffusion constant. Therefore, continuous measurement of the viscosity makes it a use-
ful addition for in-flow DLS applications. In addition, similar to the group index, the
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viscosity can be used to estimate the relative volume fractions [36, 37]. Since the re-
fractive index of the medium depends on the volume fraction, the combination of the
group index and viscosity measurement can be used for a simultaneous measurement
of the volume fraction and the refractive index of the suspended particles. Also, for large-
scale sensors, where interferometry over the entire flow channel is impractical, viscosity
measurements would be a good alternative to group index measurements to determine
the volume fraction. Interestingly, DLS can also be used to measure the viscosity of the
embedding medium, but this requires prior knowledge of the particle size [38].

In this work, only the autocorrelation of the backscattered light is used for DLS parti-
cle sizing. There is an opportunity to also use the intensity of the backscattered light for
the measurement of the scattering anisotropy. An example is the addition of the mea-
surement of the transmission attenuation coefficient with the adding-doubling method.
However, this requires proper calibration [39]. Since scattering anisotropy is strongly
correlated with mean particle size, this provides additional data on the particle size dis-
tribution, which can be used in a forward fitting algorithm [40, 41]. When the backre-
flected signal is measured with OCT, the attenuation coefficient can be measured with
a fit to the intensity decay in depth [42, 43]. For this, the intensity decay needs to be
calibrated for the detection roll-off and confocal sensitivity. The optical properties can
be localized in depth using a local fit to the OCT attenuation. However, when the optical
properties can be assumed to be homogeneous over the sample, depth localization is
not necessary.

In our application of DLS, we assumed Newtonian fluid and laminar flow, with a
Reynolds number of about 6 for the highest flow speed and the largest channel width.
However, for many industrial applications, the flow profile cannot be assumed a pri-
ori. For example, in the continuous production of some pharmaceutical ingredients, the
fluid can be non-Newtonian and the flow profile can be, for example, given by a plug
flow [44]. The flow profile can be obtained by DLS-OCT or Doppler OCT, where the flow
profile can be spatially resolved [20, 45]. DLS-OCT can be readily used with the same
experimental setup, since it can use the same light source and spectrometer. The back-
reflected spectrum can be measured with the setup as described in Chapter 4, if the pho-
todiode is replaced with a spectrometer. When a high-speed spectrometer is used, the
DLS signal can still be measured. However, a spectrometer, as required for DLS-OCT is
typically slower than a photodiode, so the smallest measurable particle sizes are larger.
The depth-resolved flow profile then can be used for improved particle size estimation
in combination with the other measured parameters.

To obtain additional sample information, also the polarimetric properties of the sam-
ple can be measured. For example, glucose rotates the polarization state of light, and the
amount of polarization rotation can be used to determine the glucose concentration.
Also, polarimetry can be applied to turbid media. In transmission, the depolarization of
the light through the sample relates to the size and concentration of suspended parti-
cles [46]. To measure the polarization with the optical setup as described in Chapter 2,
linear polarizers can be placed before the first beam splitter and directly after the sam-
ple. The polarization can be measured by rotating one of the polarizers. For polarizers
mounted at 90 degrees with respect to each other, there is no transmitted light when
the sample does not change the polarization of the light. Hence, it is sensitive to small
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amounts of depolarization. An advantage of the use of polarizers in combination of the
interferometer is that a small signal, corresponding to low depolarization, can be ampli-
fied with the heterodyne detection geometry.

The angular dependence of Mie scattering is another method to improve particle-
size estimation [47, 48]. The particle size can then be obtained with a fit with the Mie-
calculated phase function. The scattering in the forward direction is not polarization
sensitive. However, light that is scattered at an angle with respect to the forward direc-
tion has an elliptical polarization. Since the angle dependence of the polarization ratio of
the scattered light can be measured, the size distribution can be obtained with a forward
fit with Mie theory to the polarization of the scattered light [49–51]. The measurement
of the angle dependence of the scattering is not as straightforward as measuring the po-
larization of the transmitted light. It is possible to add an additional arm to collect the
scattered light on a fixed angle, but a simpler solution is to build a fiber-based interfer-
ometer and to mount both the sample, and the collecting fiber coupler, on a rotation
stage.

One of the advantages of the methods described in this thesis, is that they are appli-
cable in the infrared. The only fundamental change is the use of an infrared light source
for the DLS experiment, and the use of InGaAs instead of silicon detectors. Many molec-
ular absorption peaks, which are often used as a fingerprint for various substances, are
outside of the visible wavelength range and located in the infrared region. For example,
infrared detection allows the measurement of the fat and protein content of milk [52].
Therefore, near-infrared is routinely applied for in-line sensing [53]. While the scatter-
ing attenuation is lower in the infrared, allowing transmittance measurements in more
strongly scattering media, the high absorption of water is a limiting factor for the use of
infrared light in transmission spectroscopy [52].

5.2.6. ON-CHIP INTEGRATION
The methods presented in this thesis can potentially be integrated on-chip to reduce
sensor size and cost. The free space interferometer, as presented in this thesis, is sensi-
tive to vibrations, bulky, and expensive. Since an on-chip interferometer is smaller and
fully fixed on a chip, interferometric measurements are possibly easier to use in an in-
dustrial setting. On-chip, the reference and sample arm intensities of Mach-Zehnder in-
terferometers are difficult to control individually, but in principle the transmission spec-
trum and the phase can be sensed with a single shot measurement using spatial filtering.
Therefore, interferometric sensing in combination with Fourier filtering, as was done in
Chapter 2, has good potential for on-chip implementation.

A main advantage of on-chip integration is the possibility to include MEMS sensors
on the same chip for pressure and flow sensing [54–57]. However, MEMS sensors are
often made from materials, for example silicon-rich nitride, that only allow sensing in
the infrared region [58]. Lowering silicon content and implementing other fabrication
processes may lower the absorption in the visible spectrum [59].

Next to material absorption, the available spectral width also depends on the light
source. A supercontinuum laser allows for a large spectral bandwidth, but is expensive.
For sensing applications, superluminescent diodes (SLDs) are often used, but they have
a limited spectral bandwidth. This does not necessarily hamper their use, but the wave-
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length needs to be carefully selected in advance for the specific sensing application. For
narrow-bandwidth sources, the volume fraction can be measured easily with the group
index. However, the measurement of the GVD will be more challenging as estimating
the second-order derivative of the spectral phase is challenging with a narrow spectral
bandwidth. Although a full characterization of the sample may not be possible, it can
be used to determine whether the process operates under the right conditions. When
needed, multiple SLDs with different spectra may be coupled together to broaden the
spectrum. Alternatively, when a broad spectrum is required, it is possible to generate a
supercontinuum spectrum in the visible wavelength range on a silicon nitride chip, but
this would still require an expensive pump laser [60–62].

It is possible to integrate the detection on a chip as well, for example, with an on-chip
spectrometer. The main parameters to assess the quality of a on-chip spectrometer are
the spectral width ∆λ, the spectral resolution δλ, and the feasibility for on-chip imple-
mentation. With a larger bandwidth it is possible to gather more data on a sample. In the
case of scattering media and Mie inversion of the transmission spectrum, a broad-range
device could measure a broader range of particle sizes. The second requirement for an
on-chip spectrometer is sufficient spectral resolution. Since the Mie spectrum for small
particles varies only slowly with wavelength, the main need for a high resolution is to
obtain a high maximum measurable optical path length zmax = λ0

2δλ , with λ0 the central
wavelength. In this work, the spectral resolution is approximately 1.3 nm. Therefore, the
maximum optical path length is given by 164 µm, which is enough to measure the differ-
ence in optical path length between various samples, which is typically not larger than
50 µm for a 1 mm wide flow channel.

The spectrometer can be etched on the chip itself with many variations on the tradi-
tional grating spectrometer with the grating part of the chip design [63]. Light can also
be split into different wavelength bands with an arrayed waveguide grating (AWG) [64–
66], which already has been applied to OCT [65]. The spectrum can also be obtained
using Fourier transform spectroscopy. Although this is usually applied for narrowband
spectrometers, it can be used for broadband spectrometers as well [67]. All three meth-
ods, the grating-based spectrometer, AWG, and Fourier transform spectrometer, have
bandwidths of a few hundred nanometers and resolutions of around 6 nm, which corre-
sponds to a maximum depth of zmax = 36 µm, depending on the design [66–68]. Light
detection still requires a linescan camera that needs to be fixed on the chip. For a sim-
pler chip design, it is possible is to fix a MEMS spectrometer on the flow cell, instead of
using an etched spectrometer. Small-scale MEMS spectrometers are already commer-
cially available and are able to provide similar performance with a resolution of 10 nm
to 15 nm [69, 70].

In the experiment described in Chapter 4 a bandpass filter around the diode laser
wavelength was placed just in front of the photodiode to filter out background light. This
bandpass filter can also be used to allow the supercontinuum (SC) laser to be used di-
rectly for the DLS measurement, thereby removing the need for the flip mirror and the
additional diode laser. However, for our SC source, the pulse-to-pulse variance was too
large for proper particle sizing, and better results were obtained using a single wave-
length diode laser and high-speed photodiode.

To combine DLS with interferometric transmission measurements, both the detector
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and the light source can be shared between both modalities. When a low-noise source,
such as a superluminescent diode (SLD), or multiple coupled SLDs, the same source
can be used both for the measurement of the transmission spectrum and the DLS signal
in reflection. Combination of the detectors is less straightforward, but a cost-effective
solution for detection is using self-mixing interferometry. Here, the photodiode, which
is present in many laser packages to regulate the output power, is used to measure the
temporal self-mixing due to the time-varying reflected field. The diffusion constant can
be related to the frequency distribution of the photodiode signal [71].

5.2.7. DATA-DRIVEN SENSING
This work uses physics-based models to relate the measured optical parameters to sam-
ple properties such as volume fraction and particle size. However, it may also be used
for industrial applications where absolute quantities are not necessary, but rather the
measurement of a change relative to a reference value is of importance. In those cases, a
data-driven approach might often be sufficient on the directly measured signals such as
the transmission spectrum. A data-driven approach is an empirical method where any
sensor output is related to desired and undesired production outcomes. The measured
sample properties are no longer given as a physical parameter, such as particle size, but
as a quality parameter, or a pass-fail test [72]. For these use-cases, a semi-empirical
model, for example as used in Chapter 2, or even a calibration only, is sufficient. With
a data-driven approach, the relationship between sensor output and quality parameter
will then depend on the application.

However, there are still benefits of relating the sensor output to physical quantities.
Many process analytical technology (PAT) applications rely on careful characterization
of the production process, where the actual composition is important for certification
and product efficacy and safety. An example is the characterization of Intralipid, as used
in this work. Intralipid is mostly known as an intravenous nutrient. Since intravenous
administration of Intralipid, or commercially available lipid emulsions, can potentially
have fatal results when the emulsified particles are too large, the mean and maximum
particle size is subject to regulation [73, 74]. Another example of the need for quantitative
data, is when exceeding a parameter is too unsafe for calibration. An example is the
concentration of Grignard reagent used in the production of Tamoxifen, a breast cancer
drug [75, 76]. Since the production of the reagent is an exothermic reaction, too high
concentrations may cause a runaway reaction, damaging equipment. Lastly, sensing of
absolute physical quantities are necessary as an input for system models, such as for
digital twin or soft-sensing applications [77].
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APPENDIX

A. PARTIAL STRUCTURE FACTOR
The partial structure factor for size bins i and j , Si j = Hi j +δi j , as given by Tsang et al.[1]
is

Hi j =Ci j +
∑
k

Ci k Hk j . (4)

Which requires a matrix inversion to solve. In the same notation of [1], Ci j is given by

Ci j (q) = −π
6

p
ni n j

1−ξ3

{
M j

[
cosXi +Xi sinXi +

3ξ2Ri cosXi

1−ξ3
+ 3ξ1Ni

1−ξ3
+ 3ξ1Ni

1−ξ3
+ 9ξ2

2Ni

(1−ξ3)2

]

+Mi

[
cosX j +X j cosX j +

3ξ2R j cosX j

1−ξ3
+ 3ξ1N j

1−ξ3
+ 9ξ2

2N j

(1−ξ3)2

]

+Mi M j

[
ξ0

1−ξ3
+ q2ξ2

4(1−ξ3)
+ 6ξ1ξ2

(1−ξ3)2 + 9ξ3
2

(1−ξ3)3

]

+3Ni R j cosX j +3N j Ri cosXi +
9ξ2Ni N j

(1−ξ3)

}

(5)

with ξα Mi , Ni and Xi given by

ξα = π

6

L∑
j=1

n j (2a j )α (6)

Mi = 3R3
i

[
sinXi

X 3
i

− cosXi

X 2
i

]
(7)

Ni = R2
i

sinXi

Xi
(8)

Xi =
qRi

2
. (9)

Here, L is the number of bins, Ri is the particle diameter, ai the particle radius, and ni

the number density.
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B. COMPARISON OF VARIOUS MODELS FOR THE COMPLEX RE-
FRACTIVE INDEX

B.1. THE QCA-CP MODEL
For small particles, the complex refractive index given by the low-frequency quasi-crystal-
line approximation with coherent potential (QCA-CP). This is given by[3]:

ñ2
effk

2 = n2
mk2 + 3ñeffk

2

D ′
N∑
i

fv,i yi

{
1+

2i ñ2
effk

3

3D ′

[
1
8 d 3

i y +
N∑
j
π3d 3

j ρ j y
(
1−Si , j (q = 0)

)
]}

.

(10)
y ′ and D ′ are given by

y ′ =
k2n2

p −k2n2
m

3k2n2
eff +n2

p k2 −n2
mk2

and D ′ = 1−
N∑
i

fv,i y ′. (11)

This model is very similar to the QCA model. However, the refractive index on the
right hand side of Eq. 10 no longer only depends on the refractive index of the embed-
ding medium nm , but also on the effective refractive index of the suspension neff. This
equation is solved iteratively in 10 iterations. For the first iteration, the refractive index
of the right hand side is given by[4]:

ñ2
eff = n2

m +3v f n2
mΓ

(
1+ 2i

3
xΓ

(
1+4πρ

∫ ∞

0
r 2(g (r )−1)dr

))
(12)

Here the factor Γ is given by:

Γ= χ

1− v f χ
and χ=

n2
p

n2
m
−1

n2
p

n2
m
+2

B.2. THE KELLER MODEL
For x > 1, a suitable model for the effective refractive index is given by Keller[5]. The
effective refractive index for the Keller model is given by[6, 7]:

k2ñ2
eff = k2 + 4πiρ

k
fMie(0)−

16π2ρ2 f 2
Mie(0)

k2

∫ ∞

0

(
g (r )−1

) sin(k ñeffr )

k ñeff
e i kr dr (13)

Here ρ is the number density of particles. Note that the effective refractive index
ñeff appears on both sides of the equation. This integral can be iteratively solved by
calculating new values for the refractive index based on ñeff of the previous iteration.
The initial effective index is given by the second order expansion of Eq. 13[8]:

This section has been published as supplementary materials to P.N.A. Speets and J. Kalkman, Experiment and
theory of the complex refractive index of dense colloidal media, Journal of the Optical Society America A, 41,
214-228 (2024)[2]
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kñeff = k

(
1+ 2πρi

k3 fMie(0)+ 4ρ2π2

k6 SMie(0)(1+G(km))

)
(14)

Where G(k) is given by:

G(km) = 2k2
m

∫ ∞

0
(g (r )−1)

sin(kmr )

km
e i km r dr . (15)

The refractive index of the particle does not appear explicitly in Eq. 13, but enters the
model through the Mie scattering amplitude fMie(0).

B.3. COMPARISON WITH EXPERIMENTAL RESULTS
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Figure 5: Attenuation given by all tested models. For the van de Hulst and Keller models, the particle size
distribution to calculate the attenuation is given by Eq 17 with the Mie scattering amplitude.

Figure. 5 shows the measured attenuation compared to fits with all tested models to
all data (incorporated in the iterative loop Fig. 6). For the QCA(-CP) and the CDM mod-
els, both the real and imaginary part of the refractive index is fit with the same model.
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Figure 6: Refractive index of the particles as obtained by all tested models.

The imaginary part of the Keller and van de Hulst refractive index does not match well
to the measured dependent scattering. Therefore, for these two models, the particle size
distribution is determined with Eq. 17 and the Mie scattering amplitude fMie. Thus, the
refractive index is fit with the real part of the refractive index only. The QCA and QCA-
CP models yield very similar results. However, the Keller model fails to give results that
get close to the measured data. This is similar to reported by Garcia-Valenzuela et al.[8]
for a similar particle size. For comparison the CDM result for the TEM PSD is shown in
purple.

In Fig. 6 the phase index of the silica particles as calculated with all models is shown
and compared with the phase index of bulk silica. The TEM PSD was used for the van de
Hulst and Keller models. All models, with the exception of the Keller model, give similar
results.

The GVD of the suspension as calculated with all tested refractive index models is
shown in Fig. 7. The QCA and QCA-CP models yield very similar. results with both giving
a linear dependence on volume fraction The GVD determined with the Keller model is
very nonlinear and does not match the measured GVD.

In Fig. 8 the PSD as determined with the various models is shown. In Fig. 8(a), the
PSD is shown for all tested models where the phase index of the particle is determined
with the indicated model, and the PSD is fit to imaginary part of the effective index with
the Mie scattering amplitude in Eq. 17. In Fig. 8(b) both the real and imaginary part of
the effective refractive index is fully determined with the indicated model. The results
of the QCA and CDM models are discussed in the paper whereas the QCA-CP model is
only slightly closer to the TEM PSD compared to the QCA model. The PSD fit results of
Fig. 8 are summarized in Table 1. The refractive index is always calculated with the indi-
cated model. The attenuation µ is fit with the model (µmodel), or with the Mie scattering
amplitude fMie in Eq. 17, (µMie).
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Figure 7: The GVD of the suspension calculated with all models.

Model Diameter (nm) Polydispersity
µmodel µMie µmodel µMie

CDM 101.7 99.8 6.9 % 7.3 %
QCA 90.1 99.7 19.8 % 6.6 %
QCA-CP 91.1 99.7 17.1 6.6 %
Keller 110.3 6.3 %
van de Hulst 98.9 6.9 %
TEM 99.7 9.4 %

Table 1: Obtained particle sizes for all tested models.
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Figure 8: (a) The particle size distribution as obtained by fitting the real part of the effective refractive index
with the indicated model, and the imaginary part with the Mie scattering amplitude in Eq. 17. (b) The PSD
obtained with inverting both the real and imaginary part of the effective refractive index with the indicated
model.

B.4. PHASE INDEX OF COLLOIDAL SILICA
We consider the CDM model to be best model to obtain the phase index of the silica
particles used in this experiment. The refractive index as obtained from this model is
given by:

np (k) = n0 +n1k +n2k2 +n3k3 . (16)

With n0−3 given by: 1.41517637, 3.37754432 ·10−3 µm , −1.33978325 ·10−4 µm2, and
5.08633502 ·10−6 µm3.

This is the same phase index as shown in red in Fig. 6 shown above, and Fig. 3.12 of
the Chapter 3.

C. RECTANGULAR HAGEN–POISEUILLE FLOW
The laminar flow profile v(z) in in the center of a rectangular channel is given by Eq 17. bis.
on page 390 of [9]. The flow profile at the center of the channel is given by

v(z, x = 1
2 W ) = GL2

8π3η

(
π3 −32

∞∑
n=1

cos(πn)
(
sinh

(
βn(L− z)

)+ sinh
(
βn z

))

sinh
(
βnL

)
(2n −1)3

)
. (17)

With the pressure gradient G given by

G = 12π5ηQ

L3
(
π5W −192L

∑∞
n=1

(cosh(Wβn )−1)
sinh(Wβn )(2n−1)5

) (18)

and βn given by π(2n −1)/L, and all other quantities as defined in Chapter 4.

D. LASER DOPPLER VELOCIMETRY
Chapter 4 described a method to use the DLS signal to measure the flow speed. With
this method, both the flow speed and the mean particle size can be measured. The mean
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particle size can be measured relatively well compared to the the flow speed, which has a
relatively large error. A better measurement of the flow speed can be obtained with laser
Doppler velocimetry. For this, the Doppler component of Eq. 4.10 is used to obtain the
flow speed. Since the Doppler component decreases the correlation time, this comes a
the cost of a poorer mean size measurement.

The Doppler angle α is determined with a similar method as described in Chapter 3.
The Doppler component of the autocorrelation is used to determine the flow speed of
a dilute Intralipid 20 % sample with a volume fraction of 10 vol %. The angle α, as can
be seen in Fig. 4.3(b), was set such that there is a measurable axial component of the
flow. This angle of α 4.8°was determined with a linear fit of the measured flow rates. The
maximum flow rate was 0.3 ml/min, which corresponds to a maximum flow speed of 7.5
mm/s in the center of the channel. The time resolution of the oscilloscope was set to
22.9 µs.

The flow cell for the Doppler measurement is a 100 µm flow cell (45/Q/0.1, Starna).
This smaller flow cell is used, to prevent fringe washout and low penetration depth for
larger channels. For the laser Doppler flowmetry configuration, the angle is changed
such that there is a larger flow component vz in the axial direction, as indicated in Fig.
4.3(b).

Start

QD=0 D Q
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Stop?Stop
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Figure 9: Flow chart for simultaneous size and flow measurement with LDF
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Figure 10: (a) Measured autocorrelation. (b) The found minima in the autocorrelations. (c) the natural loga-
rithm of the autocorrelation.

The analysis steps for the laser Doppler flowmetry configuration are shown in the
flowchart in Fig. 9, and the intermediate results are shown in Fig. 10. The measured
autocorrelation is shown in Fig. 10(a). The flow rate is determined by the first minimum
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Figure 11: (a) Diameter as measured with the Doppler flowmetry configuration (b) Measured flow rates.

tmin in the measured autocorrelation function g1(t ), as shown in Fig. 10(b). The atten-
uation at 637 nm is taken to be the same as determined with the wider channel. For the
initial value of the the flow rate Q, a diffusion of D = 0 is assumed. This gives a slight
overestimation of the flow rate. This flow rate is used to fit the diffusion constant D . The
diffusion constant is fit using the same method as for the larger channel, but with a cutoff
of g1(t ) ≤ 0.25, and no minimum t . Fluctuations in the flow rate cause a lower amplitude
of the autocorrelation around the minimum due to fringe washout. Therefore, the diffu-
sion is only fit to the first few data points of the autocorrelation. The diffusion is used for
a better estimate for Q. The optimization loop run for 20×, but converges quickly. The
converged fit of the flow compensated autocorrelation is shown in Fig. 10(c).

The measured diameter and flow rates for the Doppler flowmetry configuration is
shown in Fig. 11. The measured diameter in Fig. 11(a) is determined with reason-
able precision, until the Q = 10 ml/min mark. The diameter measurements at the largest
three flow rates are about 10 nm to 15 nm lower compared to the lower flow rates. The
measured flow rate is shown in Fig. 11(b). The measured flow rate is close to the expected
value. The precision decreases for larger flow rates.

With the Doppler flow measurement both the mean diameter and the flow speed
were measured. The flow rate could be accurately measured with the position of the
first minimum. The accuracy gained in the flow rate measurement comes at the cost
of a poorer diameter measurement, compared to the low axial angle α, as shown in
Fig. 4.3(a). A second disadvantage is that low diffusion constants more difficult to mea-
sure, since only a small part of the exponential decay can be measured. For method to
obtain the flow rate through Eq. 4.13, there is no such upper measurable upper diame-
ter. Since for most applications the flow rate is a more accessible quantity to measure, a
low Doppler angle, as used in Chapter 4, is usually desirable.
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