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Abstract: Polylactide foaming as the key stage in laboratory preparation of highly porous biocompat-
ible matrices used as scaffold prototypes was monitored based the effect of dynamic light scattering
in expanding polylactide foams. Intensity fluctuations of scattered laser radiation in the course of
foam expansion were analyzed using ensemble-averaged estimates of the speckle lifetime within a
running window in the time domain. It was found that, in contrast to the commonly used correlation
time of intensity fluctuations, the values of the average speckle lifetime are invariant with respect to
the type of dynamics of phase fluctuations of partial components in scattered radiation. This makes it
possible to relate this parameter to microscopic mobility of interphase boundaries in the foam in the
absence of a priori information on the law of motion relating these boundaries at the microscopic level.
The proposed approach in combination with the developed phenomenological model describing the
relationship between the average speckle lifetime and the current values of the foam volume, as well
as its first-time derivative made it possible to interpret the features of foam structure formation.

Keywords: dynamic light scattering; scaffold synthesis; polylactide foam; average speckle lifetime;
correlation time

1. Introduction

Development and implementation of technologies for the synthesis of biocompatible
functional materials is a sounding trend in such areas of modern life sciences as biomedical
diagnostics, therapy, surgery, and tissue engineering. Among a wide variety of these
materials with various functional purposes, we can single out a class of highly porous
bioresorbable matrices. Such matrices synthesized using biocompatible and biodegradable
polymers are usually considered as a material platform for creation of scaffolds used in
tissue engineering and regenerative medicine [1–3]. Currently, there are several technolo-
gies for creating highly porous scaffold prototypes with the required morphological and
functional characteristics (i.e., an average pore size and variance of pore size distribution, a
degree of pore interconnectivity, volume-averaged porosity, biodegradation rate, etc.).

One of these technologies involves the procedure associated with foaming the raw
biocompatible polymer, preliminary plasticized in the atmosphere of a supercritical plasti-
cizing/foaming agent. A significant contribution to the development of this approach and
its implementation has been made in the past two decades by several research teams (see,
e.g., [4–10]). Formation and expansion of the polymer foam in the “polymer-plasticizing
agent” system occurs due to the changes in external parameters (pressure and temperature)
according to the given scenario, which has a crucial influence on the structural properties
of the formed porous matrix. Note that the use of pressure as the governing parameter in
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this procedure is usually more preferable than using the temperature due to significant
thermal inertia of the foamed system with the environment.

Evolution of the polymer foam because of depressurization of the “plasticized polymer-
plasticizing/foaming agent” system is a complex nonstationary process that depends on
a variety of external and internal parameters and includes three essential stages. These
stages are formation of an ensemble of cell embryos due to nucleation, intensive cell growth
and formation of the foam structure during its expansion, and stabilization of the foam
structure. From a physical standpoint, all these changes occur due to constant displacement
of the system in time in relation to its current quasi-equilibrium state. The most significant
changes in the structure of the evolving foam, caused by intense motion of interphase
boundaries at the microscopic level, occur at the second stage and radically affect the struc-
ture of the synthesized highly porous matrix. A remote monitoring of these local motions
of interphase boundaries in the working area of a high-pressure reactor using traditional
approaches (for example, acoustic, X-ray, electron microscopic, etc.) is not feasible due
to a number of fundamental limitations characteristic of these approaches. These limita-
tions include rapid dynamics of the structural changes in the probed samples and a need
for special preparation of specimens, geometric constraints, sensitivity to environment,
etc. Consequently, a relationship between the parameters of the foaming process (initial
pressure and temperature, the depressurization rate) and the structural characteristics
of the synthesized highly porous matrices is established in the a posteriori mode upon
completion of the stabilization stage [6,7,9–11]. In turn, the choice of the foaming mode
that provides the desired parameters of the scaffold prototype is usually made using a
trivial trial-and-error approach or, at best, as a result of a multivariate experiment with a
subsequent regression analysis of the obtained data.

At the same time, monitoring the local dynamics of interphase boundaries in the
expanding polymer foams seems useful not only for further development of the technolo-
gies used for the synthesis of highly porous functional materials applied in biomedicine.
In general, it can also contribute to a deeper understanding of the fundamental features
in the behavior of essentially nonstationary two-phase systems at the microscopic level.
Among a wide variety of remote sensing techniques, the methods based on the dynamic
scattering of laser light (DLS) seem to be preferable for characterizing the local dynamics
of interphase boundaries in expanding foams. In addition to high sensitivity of scattered
radiation to the local dynamics of scattering centers, these methods are characterized by
the presence of a “built-in length standard”, such as the wavelength of probe light. This
makes it possible to measure the parameters of the scatter mobility (the velocity or diffusion
coefficient) in absolute units (e.g., µm/s, µm2/s). Accordingly, such generalized parameter
of intensity fluctuations of scattered radiation as the correlation time can be assigned to
the mobility of scattering centers in the presence of this built-in length standard. However,
such assignment will be correct only in the case of exact a priori definition of the motion law
of scattering centers on the scale of the order of the wavelength used. This definition meets
no problems in the case of stationary scattering systems with well-established behavior
(for instance, the Brownian ensembles or regular flows of particles). At the same time,
the problem relating the type of local dynamics of the scattering sites in such essentially
nonstationary systems as rapidly evolving foams is not completely clear; the preliminary
assumptions that the local dynamics of scatterers (interphase boundaries) in these sys-
tems can be described in terms of only their diffusion-like or drift-like motions cannot be
correctly substantiated. Moreover, the type of local dynamics of the cell walls (the basic
scattering units) in expanding foams can significantly change with expanding of the cells.

That is why the choice of an adequate approach to analyzing the data on dynamic
light scattering, which makes it possible to bypass these traps, seems to be significant.
Accordingly, the goal of this work is to substantiate and verify the method for analyzing the
data on the dynamic scattering of laser radiation in evolving polymer foams, which does
not require preliminary assumptions about the type of dynamics of the scattering centers in
the probed medium. Pilot studies of DLS probing of expanding polymer foams using the
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stacked speckle history (SSH) technique were carried out in [12], and the average speckle
lifetime estimated using SSH maps was considered as a possible informative parameter for
characterizing the microscopic dynamics in the foam volume. This paper presents further
substantiation and verification of this approach based on the analysis of events statistics
in fluctuating speckle patterns in comparison with the traditional approach based on the
estimates of the correlation time of intensity fluctuations.

2. Experimental Technique and Results
2.1. Instrumentation and Experimental Technique

Experimental studies of dynamic scattering of laser radiation in evolving polymer
foams were carried out using the previously described technique of depressurization-
induced foaming of polylactic acid preliminary plasticized in the atmosphere of super-
critical carbon dioxide [13–16]. Expanding D,L-polylactide foam in a multi-window high-
pressure vessel was illuminated by a laser beam through the upper window and part of the
scattered light was acquired by a high-performance CMOS-camera through the side win-
dow (Figure 1). The videos recorded by this camera were the sequences of speckle patterns
changing from one frame to another; Figure 2a displays an example of a speckle-modulated
frame arbitrarily chosen from the recorded video. Simultaneously with recording of a
sequence of time-varying speckle patterns, the current images of expanding foam were
recorded in the transillumination mode through another side window. Figure 2b shows
a typical image of expanding foam; the recorded sequences of such images were used to
recover the dependences of the current foam volume Vf (t) on time.

In the experimental setup, a He-Ne laser (the output power is 2 mW, the wavelength is
633 nm, the linear polarization of outgoing beam) was used as a source of probe radiation.
The video sequences of speckle patterns were recorded using the Optronis CamRecord cam-
era + macro-lens assembly (4) with the frame rate of 60 or 100 fps (depending on the foam
expansion rate). The design of high-pressure equipment used in the foaming procedure
(in particular, a multi-window high-pressure vessel and the necessary appliances), as well
as the rationale for the used materials, foaming modes, and image processing procedure
for recovery of the current foam volume Vf (t) were previously discussed in [15]. In the
latter procedure, the current volume of expanding foam is considered as the volume of
axisymmetric body with an axial cross section, determined by the corresponding image
(see, for instance, Figure 2b). Dynamic scattering of probe laser radiation in the evolv-
ing polylactide foam was examined for the foaming modes with the initial pressure and
temperature values (Pin ≈ 8.0 MPa, Tin ≈ 40.0 ◦C) near the corresponding critical values
for carbon dioxide (Pc ≈ 7.3773 MPa, Tc ≈ 30.9782 ◦C, [17]). The choice of these initial
conditions is due to the foaming efficiency (i.e., the ratio of the final volume of the foam to
the volume of the plasticized polymer) is close to its maximal value [15]. Two depressur-
ization modes were examined: a rapid pressure release with the average depressurization
rate of ≈0.03 MPa/s, and slow depressurization with the rate of ≈0.006 MPa/s. Based
on the previously obtained results [16], it can be assumed that a faster pressure release
should lead to an increase in the degree of foam structure fragmentation compared to
slow depressurization. In turn, this should manifest itself in the features of dynamic light
scattering depending on the depressurization mode.

During recording of dynamic speckle structures by the camera (4), the gain parameter
of the camera in the course of image capturing was selected in the preliminary experiments
in such a way as to exclude saturation of the pixels in sequential captured images or to
cause too low average value of pixel brightness in the sequential images. Accordingly, in
further data processing, the current value of the speckle intensity at a given position in the
image plane was assumed proportional to the current brightness of the corresponding pixel.
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Figure 1. Schematic cross-sectional views of the experimental setup used for DLS probing of ex-
panding polylactide foams; (a)–vertical section; (b)–lateral section. 1–a continuous-wave laser as a
source of the probe beam; 2–a high-pressure multi-window vessel (reactor); 3–an expanding foam;
4–a high-performance CMOS camera with a macro-lens; 5–a CMOS camera for acquisition of the
foam images; 6–a white-light illumination source for the camera (5); 7–a bandpass filter blocking
laser radiation.
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Figure 2. (a) An example of a speckle-modulated frame captured by the camera (4); (b) A snapshot of the expanding
polylactide foam captured by the camera (5); the image is processed to exclude insufficient details and noise; the black bar
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2.2. Analysis of the Time-Varying Speckle Patterns: Alternative Approaches

Two different approaches to the analysis of temporal dynamics of intensity fluctuations
in the scattered laser radiation during foam expansion were examined. The first is based on
the traditional estimate of the ensemble-averaged correlation time of intensity fluctuations.
Due to pronounced nonstationarity of the scattering system in the course of its expansion,
the captured image sequences were divided into non-overlapping fragments of a certain
duration using a running window in the time domain. Calculation of correlation functions
of intensity fluctuations for each fragment was carried out by averaging over both temporal
and spatial coordinates:

g̃2(m) =
1
R

R

∑
r=1


K−m
∑

k=1

(
Br

k+m − 〈B〉
)(

Br
k − 〈B〉

)
K−m
∑

k=1

(
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k − 〈B〉
)2
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where index “r” defines a single pixel randomly selected in the sequence of frames, R is the
number of randomly selected pixels used for ensemble averaging (in our case, R was set
equal to 50). Br

k is a gray-scale pixel brightness associated with the speckle pattern intensity
at the r position for the k-th frame in the frameset selected by the running window, and
〈B〉 is the window- and ensemble-averaged brightness of pixels.

Duration of the fragments (i.e., the width of the running window) and window
displacement along the time axis in the course of transition from one data analysis run to
another were determined in the preliminary experiments. The main criterion for estimation
of the window width and its step-by-step displacement along the time axis was based on
the condition of insignificant changes in the evaluated correlation time (no more than 10%)
during transition from one window position to another. It was found that, under the used
foaming conditions, the acceptable fragment duration can be chosen equal to 10 s.

Another approach is based on the estimates of the average speckle lifetime within
each time window of 10 s duration. These windows included 600 or 1000 captured frames
(depending on the used frame rate of the camera 4). Figure 3 illustrates the image analysis
procedure for evaluating the lifetime for an arbitrarily selected speckle within an arbitrarily
selected frame in the window. In this procedure, a randomly selected speckle was tracked
during their occurrence in the image plane. Accordingly, the selected speckle was tracked
back in time until it appeared and forward in time until it disappeared. The appearance
and disappearance moments were identified by the state of the speckle, when its brightness
became less than 0.1 of the average frame brightnesss. The tracking was provided using a
developed interactive MatLab procedure and taking into account the possible transverse
displacements of speckles in the image plane. In Figure 3, kda and ka are the numbers of
frames corresponding to the moments of speckle disappearance and appearance. Accord-
ingly, the lifetime of a chosen speckle is equal to τlt = (kda − ka)/Φ, where Φ is the applied
frame rate of CMOS camera (4). The average speckle lifetime 〈τlt〉 was determined for
ensembles of 20 randomly selected speckles which appeared and disappeared within the
framesets selected at current positions of the running window.
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Figure 3. Illustration of the procedure for determining the lifetime of a speckle randomly selected in
the frame.

2.3. Experimental Results

Figure 4 shows the examples of normalized autocorrelation functions g̃2(τ) = g̃2(m/Φ)
of intensity fluctuations obtained by processing of the sequences of speckle patterns within
the ten-second time windows. It is necessary to point out a complex behavior of the recov-
ered correlation functions caused by peculiarities of the dynamics of scattering sites in the
evolving foams at the scale of the order of the probe light wavelength. The trends in their
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behavior can be described within the framework of the frequently used simple analytical
model of exponential decay g̃2(τ) ≈ exp(−τ/τc) only in the initial sections, which do not
even cover one decade. At the same time, the correlation time of intensity fluctuations,
determined from the decay of recovered functions g̃2(τ) to the 1/e level, monotonically
increases as the foam expands.

Photonics 2021, 8, x FOR PEER REVIEW 6 of 21 
 

 

Similarly, the average lifetime of the speckles ltτ  rises up when the foam volume 

fV  increases (Figure 5). The data presented in Figure 5 were obtained by averaging fV  
and ltτ  evaluated in a series of five foaming experiments carried out under the same 
conditions in cases of rapid and slow depressurization. Accordingly, the error bars char-
acterize the scatter of the evaluated data for each series. A decrease in the foam expansion 
rate fdV dt  at the final stage of foaming is accompanied by an expected abrupt increase 
in the average speckle lifetime, and vice versa. The relationship between fV , fdV dt , 
and ltτ  established in experiments are used for further interpretation of the relation-
ship between the macroscopic and macroscopic dynamics of foam expansion, on the one 
hand, and dynamics of intensity fluctuations in the scattered laser radiation, on the other 
hand. 

 
Figure 3. Illustration of the procedure for determining the lifetime of a speckle randomly selected 
in the frame. 

 
Figure 4. Examples of the recovered autocorrelation functions of speckle intensity fluctuations. The 
case of slow depressurization. The time lapse after beginning an intensive foam expansion: 1– ≈ 600 
s; 2– ≈ 1100 s. 

Figure 4. Examples of the recovered autocorrelation functions of speckle intensity fluctuations. The
case of slow depressurization. The time lapse after beginning an intensive foam expansion: 1– ≈ 600 s;
2– ≈ 1100 s.

Similarly, the average lifetime of the speckles 〈τlt〉 rises up when the foam volume Vf
increases (Figure 5). The data presented in Figure 5 were obtained by averaging Vf and 〈τlt〉
evaluated in a series of five foaming experiments carried out under the same conditions
in cases of rapid and slow depressurization. Accordingly, the error bars characterize
the scatter of the evaluated data for each series. A decrease in the foam expansion rate
dVf /dt at the final stage of foaming is accompanied by an expected abrupt increase in the
average speckle lifetime, and vice versa. The relationship between Vf , dVf /dt, and 〈τlt〉
established in experiments are used for further interpretation of the relationship between
the macroscopic and macroscopic dynamics of foam expansion, on the one hand, and
dynamics of intensity fluctuations in the scattered laser radiation, on the other hand.
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3. Correlation Analysis vs. Events Statistics Analysis of the Fluctuating Scattered
Light: Comparative Study
3.1. Correlation Spectroscopy of Expanding Foams: Basic Principles and Modeling Results

The generally accepted approach to laser-based probing of microscopic dynamics in
multiple scattering random media is diffusing-wave spectroscopy (or correlation spec-
troscopy) [18–20], which has been successfully applied over the past forty years to various
time-varying objects, from sand flows to drying paints [21–23]. In particular, the appli-
cability of diffusing-wave spectroscopy for characterizing microscopic dynamics in such
multiple scattering random media as slowly evolving foams was considered in [20]. This
technique is based on the correlation analysis of fluctuations in the intensity of laser radia-
tion scattered by the probed object and detected using a single-point detection scheme or
a multi-element detector (the multi-speckle technique, [24,25]). The main relationship of
diffusing-wave spectroscopy has the following form (see, e.g., [26]):

g1(t, τ) = exp(−jωτ)
∞∫

0

exp
{
−1

3
k2

0

〈
∆r2(t, τ)

〉 s
l∗(t)

}
ρ(s, t)ds, (2)

where g1(t, τ) = 〈E(t)E−(t + τ)〉/|E(t)|2 is the normalized autocorrelation function of the
light field fluctuations at the chosen observation point (the superscript “-“ denotes the
complex conjugation); ρ(s, t) is the probability density function of the propagation paths
s of statistically independent partial waves arriving at the observation point due to the
sequences of multiple scattering events in the probed object;ω and k0 are the frequency and
wavenumber of the probe radiation; l∗ is the transport mean free path of light propagation
in the probed medium [27]. The

〈
∆r2(t, τ)

〉
value defines the ensemble-averaged squared

displacement of the scattering sites over the time interval τ. The dependencies of ρ(s, t),
l∗(t), and

〈
∆r2(t, τ)

〉
on the current time t characterize variations in optical and dynamic

properties of the evolving probed medium.
Equation (2) is valid if the characteristic time spans of these variations are many

times greater than the correlation time of light field fluctuations at the observation point.
The factor exp(−jωτ) has no effect on further analysis, and therefore will be omitted.
The integral on the right-hand side of Equation (2) can be considered as an one-sided
Laplace transform of the probability density function ρ(s, t) with the parameter equal to(
k2

0/3l∗
)
·
〈
∆r2(t, τ)

〉
. In the experiments on dynamic light scattering, the analyzed object

is the normalized autocorrelation function of intensity fluctuations, defined as g2(t, τ) =
〈I(t)I(t + τ)〉/〈I(t)〉2 and related to g1(t, τ) via the Siegert relation (see, e.g., [26]):

g2(t, τ) = 1 + θ|g1(t, τ)|2, (3)

where 0 ≤ θ ≤ 1 is the parameter defined by detection conditions (ratio of the detector size
to the characteristic size of the coherence area in the detection plane, or the average speckle
size). If this ratio is close to 0, θ approaches to 1. In the opposite case of a large aperture of
the detector significantly exceeding the average speckle size, θ tends to zero. For analysis,
it is more convenient to use the autocorrelation function of unbiased values of intensity
fluctuations:

g̃2(t, τ) = 〈{I(t)− 〈I(t)〉}{I(t + τ)− 〈I(t)〉}〉/〈I(t)〉2. (4)

In the case of ideal detection conditions (θ = 1), the Siegert relation reduces to the
following form

g̃2(t, τ) = |g1(t, τ)|2. (5)

Following from Equation (2), we can single out two key points in the consideration of
the direct problem of diffusing-wave spectroscopy:
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- description of microscopic dynamics of the scattering centers in the probed medium
on spatial scale comparable to the wavelength of the probe light through definition of
an adequate form of the term

〈
∆r2(t, τ)

〉
;

- definition of an adequate form of the probability density function ρ(s, t) for the used
illumination and detection conditions.

Note that ρ(s, t) corresponds to the time response Ĩ(t, τ) of the medium when it is illumi-
nated by an ultrashort light pulse for a given probe geometry: Ĩ(t, τ)→ Ĩ(t, s/v)↔ ρ(t, s) ,
where v is the group velocity of the probe radiation in the medium. Accordingly, describ-
ing the pathlength statistics ρ(s, t) in the exact analytical form is almost impossible, with
exception of some simple scattering geometries, and the most appropriate and commonly
used way for solving this problem is to apply the Monte-Carlo simulation of the light
transfer in the medium (see, e.g., [28]). Considering multiple scattering of a laser beam in
the expanding foam (Figure 6), we can conclude that in this case the probability density
ρ(s, t) is a zero-valued magnitude in the region of small values of s ≤ sth(t), where the
threshold value sth(t) at the moment is defined by the characteristic size of the foam L(t).
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Note that the rate of decorrelation of scattered light fluctuations, determined by
g̃2(t, τ), is strongly influenced by the ratio L(t)/l∗(t). This ratio also affects the ensemble-

averaged propagation path 〈s(t)〉 =
∞∫
0

sρ(s, t)ds(and, accordingly, the average number of

scattering events) of the probing light in the medium. In the subsequent consideration,
the relationship between the current values of the parameters L/l∗ and 〈s(t)〉/l∗(t), char-
acterizing multiple scattering in the foam volume, and the decorrelation parameter S̃c of
scattered light fluctuations was analyzed using the results of the Monte Carlo simulations.
The parameter S̃c was estimated as the value of S̃ = k2

0
〈
∆r2(t, τ)

〉
/3l∗(t) corresponding to

the 1/e decay of g̃2

(
t, S̃
)

(see Equations (2) and (5)). In the subsequent consideration, we
will assume that the changes in the parameters L and l∗ during the time interval, which
is required for S̃c, 〈s〉 estimates, can be neglected. Therefore, the time variable t will be
excluded when writing subsequent expressions. In the simulation, the shape of the ex-
panding foam was assumed to be close to hemispherical, and the laser beam fell onto the
polar region of the hemisphere (Figure 6). The multiple scattered partial components of
the light field associated with photons in the Monte Carlo procedure were collected for the
directions near the equatorial plane of the hemisphere, which correspond to the aperture
angle of the used macro-lens. This configuration was consistent with the illumination
and detection geometry used in the experiment. The modeled foam was assumed to be a
non-absorbing multiple scattering medium with close-to-isotropic scattering; its effective
refractive index was set equal to the refractive index of the surrounding space. Applicability
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of the latter assumption follows from consideration of the foam as a two-phase cellular
structure consisting of gas-filled cells; the volume fraction of the polymer phase in the
foam is relatively small. Accordingly, we can assume that effect of multiple reflections of
diffusing partial components from the space-foam interface back into the foam volume is
relatively insignificant.

The simulation was carried out in accordance with the following procedure: at the
first stage, the ensemble {si} of random values of the propagation paths was generated
and the sample probability density function ρ(s) was recovered for the given values of l∗

and L (the characteristic size L of the foam was accepted equal to the hemisphere radius).
The sample size of {si} for each simulation run was equal to 107, and the bin sizes during
ρ(s) recovery were chosen equal to ∆s = (smax − smin)/1000, where smax, smin are the
maximal and minimal pathlength values obtained in the given simulation run. Then, a set
of
{

g̃2

(
S̃(k)

)}
was recovered for a sequence of equidistant values

{
S̃(k)

}
in accordance

with the following expression:

g̃2

(
S̃(k)

)
=

P−1

∑
p=0

exp
{
−S̃(k)∆s

(
1
2
+ p

)}
Ñp, S̃(k) = {0, 0.1∆s, 0.2∆s, . . . , k∆s, ..}. (6)

Here, Ñp are the weighted numbers of counts in the bins obtained during the frequency

count analysis of the obtained datasets {si} (
P−1
∑

p=0
Ñp = 1), P = 1000 is the applied number

of bins. The decorrelation parameter S̃c is then evaluated for the given dataset {si}. In
addition to S̃c, the average pathlengths 〈s〉 were also assessed as

〈s〉 =
P−1

∑
p=0

∆s
(

1
2
+ p

)
Ñp. (7)

Figures 7 and 8 illustrate the main features in the behavior of the obtained model data.
Figure 7, a displays examples of the obtained sample probability density functions ρ(s) for
various values of the ratio s/l∗.
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This feature is due to the abovementioned localization of the probability density distribu-
tions ( )sρ  for the discussed scattering geometry. Indeed, considering the extreme case 
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The general property of the obtained model probability density distributions is their
localization in a limited region of the s domain; typically, substantially non-zero values
ρ(s) occupy the interval of s values with a length comparable to 〈s〉 due to confinement
of the sequences of scattering events in the probed volume. In turn, this causes a close-to-
exponential decay of the model autocorrelation functions g̃2

(
S̃
)

(Figure 7b). This feature is
due to the abovementioned localization of the probability density distributions ρ(s) for
the discussed scattering geometry. Indeed, considering the extreme case of localization of
the pathlength probability density distributions ρ(s) ∝ δ(s− s′), we arrive at the following
relationship (see Equation (2)):

|g1(τ)| → exp
(
−1

3
k2

0

〈
∆r2(τ)

〉 s′

l∗

)
. (8)

Here, δ(s− s′) is the delta-function. Accordingly, we should expect a close-to-exponential
decay of g̃2

(
S̃
)

due to confinement of multiple scattering in the modeled foam. In addition,

an approximately inverse linear dependence of the model decorrelation parameter S̃c on
the average pathlength normalized by the transport mean free path l∗ should be mentioned
(Figure 8a). At the same time, the relationship between the average path 〈s〉, which directly
determines the average number of scattering events in the probed medium, and the charac-
teristic volume size L exhibits different trends depending on the ratio L/l∗. These trends
are illustrated by the colored dashed lines in Figure 8b drawn as the guides for the eye (the
green line corresponds to the approximately linear relationship 〈s〉 ∝ L/l∗ in the region
of small L/l∗ values, and the blue line marks the quadratic trend 〈s〉 ∝ (L/l∗)2 occurring
with an increase in L/l∗. Taking into account that the average number of scattering events
〈Nsc〉 in the probed volume is directly proportional to 〈s〉 (〈Nsc〉 ∝ 〈s〉/l ∝ 〈s〉/(1− g)l∗,
where l is the scattering mean free path and g is the scattering anisotropy parameter, see,
e.g., [26]), we can conclude that 〈Nsc〉 ∝ L/l∗ in the low-step scattering mode. With the
transition to the diffusion mode of probe light propagation, the relationship between 〈Nsc〉
and L/l∗ approaches the quadratic law 〈Nsc〉 ∝ (L/l∗)2.

Note that these model trends fairly agree with the remarks of D. Weitz and D. Pine ([26],
p. 672) regarding the influence of the scattering medium size on the average number of
scatterings of probe radiation in a medium. The decorrelation parameter S̃c is directly
related to the mean square

〈
∆r2(τc)

〉
of the scatter displacement during the correlation time
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τc of intensity fluctuations through the relationship
〈
∆r2(τc)

〉
= 3l∗S̃c/k2

0. Accordingly, it
seems feasible to determine an ensemble-averaged characteristic of the microscopic scatter
mobility in the probed volume from the experimentally measured value τc. However, the
key point in this approach is the need for a priori information about the type of microscopic
dynamics of scattering sites in the medium. In particular, the classical Brownian motion
of scattering particles gives

〈
∆r2(τ)

〉
∝ τwith the proportionality coefficient determined

by the translational diffusion coefficient of particles (µm2/s); in the case of the dominant
drift-like motion of particles

〈
∆r2(τ)

〉
∝ τ2 with the proportionality coefficient associated

with the squared drift velocity of the scattering sites (µm2/s2). The most complex case
is the combination of generalized Brownian dynamics and drift of particles:

〈
∆r2(τ)

〉
∝

C1τ
γ + C2τ

2, where the exponent γ has the value between 0 and 2, and the parameters
C1, C2 relate to contributions of diffusion and drift-like motions to the mobility of scatterers.
In addition, in rapidly evolving systems (for example, in expanding foams), significant
changes in the type of microscopic dynamics of the structure are eventual in the course
of evolution.

Thus, a lack of precise a priori knowledge about the nature of microscopic dynamics
of particles in the medium when assessing parameters of microscopic mobility from the
correlation time τc will most likely lead to their ill-conditioned estimates. In this regard, in
the next subsection we will consider an alternative approach to the analysis of fluctuations
of scattered light, which seems to be free from the mentioned pitfall.

3.2. Events Statistics Analysis of Fluctuating Scattered Light

This alternative approach to characterizing dynamic speckles is based on the time-
frequency analysis of certain events in the evolving speckle field. As such events, we
can consider, for example, transitions of the current values of speckle intensity at various
points of the observation plane through a certain threshold value (the threshold level
crossings). From general considerations, it can be assumed that the number of such events
per unit time and unit area in the observation plane (the rate of events) should correlate
with the parameters of microscopic mobility of scattering centers in the probed medium.
In particular, the characteristic time of mutual displacements of scattering centers at the
distance equal to the wavelength of probe radiation is one of the key characteristics of the
microscopic scatter mobility. The threshold level, which determines the moments of event
occurrence, should in a certain way relate to the average intensity of the speckle field for
the analyzed time interval: Ith = K〈I〉, where K is the dimensionless threshold level. In
the further consideration, we will analyze two model parameters of the observed dynamic
speckle field, determined by the dynamics of stochastic phase modulation of partial light
waves forming the evolving speckle field. These parameters are the average rate of crossing
events

〈 .
N
〉

for an arbitrarily chosen observation point and the average speckle lifetime
〈τlt〉. The latter parameter can be defined as the residence time of intensity of an individual
speckle above the threshold level Ith, averaged over the speckle ensemble.

At the first stage of modeling, we will consider formation of the evolving speckle field
at an arbitrarily chosen observation point within the framework of the discrete scattering
model widely used in statistical optics (see, e.g., [29,30]). In this case, the current value of
the observed intensity Ik at the k-th simulation step can be written as follows

Ik ∝

∣∣∣∣∣ Ni

∑
i

Ei exp{−j(ϕi0 + ∆ϕik)}
∣∣∣∣∣
2

, (9)

where Ei is the amplitude of the i-th partial wave incoming at the observation point from a
probed random system of scatterers, ϕi0 is its initial phase, and ∆ϕik is the corresponding
phase shift accumulated over k simulation steps. All Ni waves interfering at the observation
point are assumed to be statistically independent and have equal amplitudes. Without
loss of generality in further consideration, we can set all the amplitudes Ei equal to 1.
Depending on the scenario of changing the phase shifts ∆ϕik when going from k-th to
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(k + 1)-th simulation step, we should expect different cases of fluctuation dynamics of
the intensity Ik at the observation point. Two extreme cases were considered during the
simulation: (1) when ∆ϕik = ξik, and (2) when ∆ϕik+1 − ∆ϕik = ξik, where ξi and ξik
are the statistically independent magnitudes randomly distributed between −π · Fξ and
π · Fξ with the zero mean values (Fξ is the scale factor used in the simulation procedure). It
should be noted that the variance of the phase shifts σ2

∆ϕ(k) varies with k (i.e., with time) in

the first case as σ2
∆ϕ(k) = σ2

ξk2, while in the second case as σ2
∆ϕ(k) = σ2

ξk (here σ2
ξ is the

variance of the phase shift increments).
Accordingly, case (1) can be interpreted as corresponding to the “drift-like” dynamics

of changes in the phases of random phasors corresponding to the interfering waves. On
the contrary, case (2) corresponds to the “diffusion-like” dynamics of phase shifts. For
the considered scenarios of changes in σ2

∆ϕ(k) depending on k, the qualitative differences
in the dynamics of simulated fluctuations of speckle intensity are illustrated by Figure 9.
Note that the value of Fξ = 0.01 is assumed the same in both cases, and the values of phase
shifts ξ per single simulation step are assumed as uniformly distributed random variables.
Consequently, σ2

ξ is related to the introduced scale factor as σ2
ξ = π2F2

ξ/3.
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Figure 9. Fragments of the model time series of intensity fluctuations in cases (1) and (2).

The normalized autocorrelation functions of the simulated intensity fluctuations were
calculated as:

g̃2(m) =
K̃−M

∑
k=0

(Ik+m − 〈I〉)(Ik − 〈I〉)/
K̃−M

∑
k=0

(Ik − 〈I〉)2, (10)

where the upper values of m (M), during the calculation of g̃2(m), were set significantly
smaller in comparison with the numbers of terms K̃ in the corresponding sequences {Ik}
obtained as a result of the simulation runs. In our case, K̃ was taken equal to 107 and M was
set equal to 1 × 106. The number of statistically independent interfering waves, or random
phasors Ni in Equations (9) and (10) was taken equal to 100. The model autocorrelation
functions g̃2(m) calculated for the drift-like and diffusion-like dynamics of phase shifts are
displayed in Figure 10a,b.
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It is clearly seen that autocorrelation functions of intensity fluctuations in cases 1
and 2 demonstrate completely different trends in decay with the increasing m lag: pure
exponential decay in the case of “diffusion-like” dynamics of phase increments (2), and
stretched exponential decay in the case of “drift-like” dynamics (1). Additionally, the
correlation time of intensity fluctuations increases significantly faster with the decreasing
Fξ (and, accordingly, σξ) in case 2 compared to the case of “drift-like” dynamics: mc,2 ∝ F−2

ξ

against mc,1 ∝ F−1
ξ (here, mc,1,2 are the values of the correlation time expressed in the

numbers of simulation steps). Thus, the presence or absence of a stable trend (“memory
effect”) in the evolution of phase shifts of interfering partial waves (random phasors)
dramatically affects the correlation time at the same values of σξ per one modeling step (or
the rate

.
σξ of the ensemble-averaged phase shift in the case of continuous time).

On the contrary, based on the simulation results obtained, it can be assumed that the
proposed estimates of event flux density in the analyzed speckle patterns are invariant
with respect to the type of dynamics of phase fluctuations in interfering partial waves. The
sequences {Ik} obtained in the cases 1 and 2 for various values of the scale factor Fξ were
processed for establishing the relationship between the simulated values of the average
speckle lifetime 〈τlt〉 and the average rate of crossing events

〈 .
N
〉

and the dimensionless

threshold level K. Figure 11 displays the simulated values 〈τlt〉 and
〈 .

N
〉

against Fξ for the
various values of K in the range from 0.1 to 2.1; the average speckle lifetimes are expressed
in terms of the number of simulation steps; the average rates of crossings are related to one
simulation step.

The inverse linear relationship between 〈τlt〉 and Fξ (〈τlt〉 ≈ A1,2(K)/Fξ) and the

linear relationship between
〈 .

N
〉

and Fξ (
〈 .

N
〉
≈ B1,2(K)Fξ) are obvious; also note the

close values of the constants A and B for both extreme cases in the dynamics of phase
fluctuations. Insignificant discrepancies between A1, A2 and B1, B2 are presumably due
to intrinsic limitations of the modeling procedure (the finiteness of data sequences and
their discreteness). Figure 12 displays the values of these constants against K. Selectively
shown error bars characterize the spread of A and B values over a series of 10 statistically
independent simulation runs. At first glance, such an invariance of 〈τlt〉 and

〈 .
N
〉

with
respect to the type of dynamics of phase fluctuations compared to the correlation time of
intensity fluctuations seems surprising. However, this fundamental feature is because 〈τlt〉
and

〈 .
N
〉

are related to the first-order, or single-point, statistics of intensity of scattered
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waves and are determined by the probability density function ρ(Ik). At the same time,
the correlation time τc is a parameter related to the second-order, or two-point statistics of
intensity fluctuations.
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Considering the case of multiple scattering of the propagating partial waves, it is
necessary to take into account that the values of phase shifts ∆ϕik for random phasors in
Equation (9) are the result of accumulation of local phase shifts. These local phase shifts
occur in statistically independent single scattering acts, resulting in a random sequence of
scattering acts for each partial wave associated with a random phasor. Applying the hypoth-
esis of statistical independence of local phase shifts and based on the central limit theorem,
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we can arrive to the following ensemble-averaged relationship between the variance of
local phase shifts and the resulting variance of phase shifts for a set of random phasors:

σ2
ξ = 〈Nsc〉

(
σs
ξ

)2, (11)

where 〈Nsc〉, as before, is the ensemble-averaged number of scattering events for an

ensemble of interfering partial waves and
(
σs
ξ

)2
is the ensemble-averaged phase shift

variance per single scattering event. Accordingly,

σξ = 〈Nsc〉0.5σs
ξ. (12)

Note that the value of σs
ξ is directly related to an ensemble-averaged displacement of

scattering sites per single simulation step.

4. Discussion of the Results

In further consideration, we need to derive a relation between the microscopic dy-
namics of interphase boundaries in the expanding foam and the current volume of foam
measured in the experiments. The relationship between the volume-averaged character-
istic of microscopic dynamics in the foam and the foam expansion rate dVf /dt can be
established using the expression for the average cell size in the foam:

〈D〉 =
(KcVf

Nc

) 1
3

, (13)

where Kc is the scale factor defined by the ensemble-averaged shape of cells (in particular,
Kc ≈ 6/π in the case of near-spherical cells) and Nc is the number of cells in the foam vol-
ume. Accordingly, the increment of 〈D〉 during the time interval ∆t can be represented as:

∆〈D〉 ≈


(KcVf

Nc

) 1
3


′

∆t =
K

1
3
c

3


(Vf

Nc

)− 2
3
(

V′ f Nc −Vf N′c
N2

c

)∆t. (14)

Here, we assume that Vf (t) and Nc(t) are monotonically varying differentiable func-
tions of time. On the other hand, the ensemble-averaged magnitude of stochastic phase
modulation of partial components of laser radiation in the foam volume per scattering
event can be estimated as follows. The scattering centers in the expanding foam are cell
walls, zones of wall intersections (so-called Plateau-Gibbs channels), and nodes of a stochas-
tic three-dimensional grid of the Plateau-Gibbs channels. Optical transport parameters (the
scattering mean free path l and transport mean free path l∗, [27]) for this scattering system
can be expressed in terms of the current values of 〈D〉.

Following D. Durian with co-workers [31], we can assume that the following relation
holds in foam-like systems: l, l∗ ∝ 〈D〉. Keeping in mind that the scattering mean free path
is interpreted as the average propagation length of partial components between sequential
scattering events, it can be assumed that the above introduced ensemble-averaged phase
shift σϕ per single scattering event during the time interval ∆t is proportional to ∆〈D〉:
σϕ ∝ (2π/λ)∆〈D〉. In accordance with the simulation results presented in Section 3.2, we
can write the following relationship between the total critical phase shift ΣIth

ϕ at a given
threshold and the average speckle lifetime 〈τlt〉: ∆t = 〈τlt〉 → 〈Nsc〉0.5σϕ = ΣIth

ϕ . On the
other hand, the average number of scattering events is determined by the ratio of the

characteristic size of the scattering medium L ∝
(

Vf

) 1
3 to the transport mean free path

l∗ ∝ 〈D〉. Accordingly, we arrive at the following semi-quantitative relation for 〈Nsc〉:

〈Nsc〉 ∝
(

L
l∗

)β
∝ (Nc)

β
3 , (15)
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where the exponent β, as has been established in the Section 3.1, is close to 1 in the low-
step-scattering mode and approaches 2 when the ratio L/l∗ increases above 5 ÷ 6 (see
Figure 8b). Thus, we finally obtain the basic semi-quantitative relationship for the case of
dynamic light scattering probes of the expanding foam using evaluation of the average
speckle lifetime:

〈τlt〉 ∝ (Nc)
−β

6

(Vf

Nc

) 2
3
(

N2
c

V′ f Nc −Vf N′c

)
= (Nc)

2−β
6

(
Vf

) 2
3

 1

V′ f −
(

Vf /Nc

)
N′c

. (16)

Equation (16) clearly describes the experimentally observed tendency (Figure 5) to
an increase in the average speckle lifetime with an increase in the foam volume and
decrease in the volume change rate. In the case of a constant number of cells in the
volume of the expanding foam, Nc = const, this equation reduces to the following relation

〈τlt〉 ∝
(

Vf

) 2
3
(

1/V′ f
)

. Figure 13 displays the experimentally obtained average speckle

lifetimes 〈τlt〉 against the values of Υ =
(

Vf

) 2
3
(

1/V′ f
)

recovered from the empirical
dependencies Vf (t) for two examined depressurization modes (Figure 5). The uncertainties
in evaluation of the average speckle lifetimes and the parameter Υ, which are characterized
by the error bars in Figure 13, relate to the experimental errors displayed in Figure 5.
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Note that the relationship between 〈τlt〉 and
(

Vf

) 2
3
(

1/V′ f
)

in the case of slow de-
pressurization admits, with acceptable accuracy, a linear approximation (the green solid
line in Figure 13, 〈τlt〉 ≈ (4.22± 1.42) ·Υ(1.02±0.07)). At the same time, an increase in the
rate of pressure release during foaming leads to a remarkable deviation in the dependence

of the average speckle lifetime on the introduced parameter
(

Vf

) 2
3
(

1/V′ f
)

from the linear

trend (the dataset 1 and the red fitting line 〈τlt〉 ≈ (11.56± 3.30) ·Υ(0.59±0.05) in Figure 13).
This feature can be interpreted in terms of effect of a variable number of cells Nc(t) in
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accordance with the Equation (16). Previous experimental studies of the foaming mode
effect in the atmosphere of supercritical carbon dioxide on the structure of the formed
highly porous polylactide matrices (see, e.g., [16]) clearly show that an increase in the
depressurization rate leads to an increase in fragmentation of the matrix structure. In
addition, rapid depressurization is characterized by lower foaming efficiency, described
in terms of the ratio of the final foam volume to the initial polymer volume [15]. This
indicates that during rapid foaming, a larger fraction of internal energy of the foaming
agent is spent, in particular, on formation of interphase boundaries in the foam volume,
as compared to the case of slow pressure release. Thus, it should be expected that a rapid
depressurization mode is characterized by a remarkable increase in the number of cells in
the foam volume with time span. Note that an increase in the number of cells in the foam
as it expands has a double effect on the examined time parameters of intensity fluctuations
of the scattered laser light. On the one hand, an increase in Nc leads to a decrease in the
ensemble-averaged mobility of the scattering sites, considered in terms of the changes in
〈D〉 during the time interval ∆t (Equation (14)). On the other hand, an increasing number
of cells in the foam volume should provoke an increase in the average number of scattering
events 〈Nsc〉 in the course of probe light propagation in the foam volume and, accordingly,
a decrease in the average speckle lifetime. However, the latter effect is expected to be
rather subtle due to small values of the exponent β/6. Considering Equation (14), we can
see that the increase in the number of cells over time partially reduces the influence of
the term V′ f due to positive values of the term

(
Vf /Nc

)
N′c. Consequently, the values

of 〈τlt〉 in the case of rapid depressurization exhibit a slower increase with increasing
of
(

Vf /Nc

)
N′c, being significantly smaller than the average speckle lifetimes under a

slow pressure release. Note that the intervals of changes in the 〈τlt〉 values in Figure 13
correspond in both cases to a complete stage of intensive foam expansion (compare with
Figure 5). The established trends in the behavior of the dependences of the average speckle
lifetime on Υ (〈τlt〉 ∝ Υ0.59 (1) and 〈τlt〉 ∝ Υ1.02(2)) are manifested in a wide range of Υ,
beginning from ≈40 s/mm (transition from nucleation to intensive foam expansion) to
≈1000 s/mm (transition to stabilization of the foam structure). Thus, smaller value of the
exponent in the approximating power-law dependences of 〈τlt〉 on Υ in the case of rapid
depressurization is observed during the entire stage of intensive foam expansion.

5. Conclusions

Thus, the examined approach to the analysis of dynamic scattering of laser radiation
in rapidly evolving media with a complex structure has such an advantage as absence of
the need for a priori information relating the features of the stochastic phase modulation
dynamics of the probe light at the microscopic level. This approach can be identified as
the event statistics analysis and involves the use of informative parameters associated
with estimation of the ensemble-averaged frequency of the crossings of a given threshold
level by the fluctuating speckle intensity during a selected time interval. In particular,
the introduced average speckle lifetime characterizes the ensemble-averaged time for
the speckle intensity to take up the residence above the threshold level. Invariance of
event statistics parameters with respect to the type of dynamics of phase fluctuations of
scattered radiation, established by simulation, follows from the fact that the frequency of
level crossings refers to the first-order statistics of speckle intensity. In the case of multiple
scattering of laser radiation in the medium with a deep stochastic phase modulation of
partial components of the scattered field, the probability density functions of speckle
intensity will tend to the same form corresponding to the case of the developed speckle
field that is independent of the scattering system. The introduced parameters (the average
speckle lifetime or the average frequency of threshold crossings) are determined by the
characteristic time of reaching a certain critical value by the ensemble-averaged phase shift
of interfering partial components of the scattered field regardless of the law of stochastic
modulation of their phases. The critical value of the ensemble-averaged phase shift is
determined only by an applied threshold level of speckle intensity.
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At the same time, the decorrelation rate or the correlation time of intensity fluctuations
are the second-order statistical characteristics that describe the ensemble-averaged or time-
averaged relationship between intensity values at different times and are sensitive to the
law of phase changes of partial components with time span.

Application of the discussed approach to the analysis of dynamic scattering of laser
radiation in the evolving polylactide foams within the framework of the phenomenological
model describing the relationship between the microscopic and macroscopic dynamics of
expanding foam made it possible to reveal the fundamental features of formation of the
foam structure depending on the foaming modes. In particular, the predicted linear rela-
tionship between the average speckle lifetime and the model parameter determined by the
current foam volume and its first time derivative adequately describes the experimentally
observed behavior of the system at low rates of pressure release, when the number of cells
in the expanding foam remains constant or insignificantly varies. On the contrary, rapid
depressurization causes appearance of new cells in the course of foam expansion. Accord-
ingly, this causes a weaker dependence of the average speckle lifetime on the introduced
model parameter.
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