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Control of optical transport parameters
of ‘porous medium —supercritical fluid’ systems

D.A. Zimnyakov, O.V. Ushakova, S.A. Yuvchenko, V.N. Bagratashvili

Abstract. The possibility of controlling optical transport parameters
(in particular, transport scattering coefficient) of porous systems
based on polymer fibres, saturated with carbon dioxide in different
phase states (gaseous, liquid and supercritical) has been experimen-
tally studied. An increase in the pressure of the saturating medium
leads to a rise of its refractive index and, correspondingly, the dif-
fuse-transmission coefficient of the system due to the decrease in the
transport scattering coefficient. It is shown that, in the case of sub-
critical saturating carbon dioxide, the small-angle diffuse transmis-
sion of probed porous layers at pressures close to the saturated
vapour pressure is determined by the effect of capillary condensation
in pores. The immersion effect in ‘porous medium—supercritical fluid’
systems, where the fluid pressure is used as a control parameter, is
considered. The results of reconstructing the values of transport scat-
tering coefficient of probed layers for different refractive indices of a
saturating fluid are presented.

Keywords: immersion effect, porous systems, diffuse transmission,
supercritical fluid, transport scattering coefficient.

1. Introduction

The effect of scattering suppression in multiphase microstruc-
tured systems with matched refractive indices of different
structural components (the immersion effect) has been known
for a very long time; however, it was systematically studied
and described for the first time by Christiansen at the end of
the XIX century. In the middle of the XX century, the interest
in the immersion effect in dispersed systems was related to the
possibility of designing dispersion filters for visible and mid-
IR ranges on their basis (see, e.g., [1, 2]). However, a number
of fundamental limitations, related to the difficulties in fitting
their components and strong influence of external factors (in
particular, temperature) on the parameters of filters restricted
their application. At the same time, controlled optical devices
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with a dispersed structure can be designed based on specifi-
cally this influence.

Currently, the interest in the immersion control of optical
properties of randomly inhomogeneous media is caused to a
great extent by the possibility of increasing the biological-tis-
sue probing depth in optical microscopy and optical coher-
ence tomography [3—6]. An increase in the probe beam trans-
port length /™ and scattering length / [7] in a biological tissue
saturated by a biologically compatible immersion agent
makes it possible to visualize fabric structures at larger depths
in comparison with a natural tissue.

Note also that the immersion effect in layers of close-
packed scattering particles or porous media saturated by a
liquid with a large refractive index is successfully applied to
study the specific features of radiation transfer when the
transport length /* is comparable with the light wavelength
A, and the optical parameters of the medium should be
affected by local interference effects on the scale of wave-
length A [8].

In randomly inhomogeneous dispersed media, which are
disordered ensembles of scattering particles immersed in a
homogeneous matrix medium, replacement of the matrix
medium with an immersion agent is generally implemented
via diffusion or capillary transport of this agent from the
surface to the volume probed. Under these conditions, it is
rather difficult to estimate quantitatively the change in the
refractive index n, of the matrix medium as a result of
immersion. In addition, the main methods that are currently
used to control the n, value in an experiment are based on
changing either the volume fraction of the immersion agent
in the matrix medium or the temperature of the system.
Along with the difficulties in quantitative estimation of the
n,, value, a significant drawback of these techniques is their
inertia, which is related to long characteristic times of attain-
ing equilibrium. When the temperature factor is used, the
possibility of controlling the matrix refractive index is often
limited by the small value of the corresponding temperature
coefficient.

In this study, we consider another approach to optical
immersion of dispersed media, which is based on application
of supercritical fluids with controlled density as immersion
agents. Naturally, this approach cannot be used to solve bio-
medical problems implying optical clearing of biological tis-
sues. However, it may be efficient in analysis of structural and
optical properties of systems of consolidated and nonconsoli-
dated micro- and nanoparticles in physical materials science,
because in this case the n,, value can easily be controlled in a
wide range. In addition, the study of the relationship between
the optical properties of dispersed systems possessing super-
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critical fluid components and the processes of interaction of
supercritical fluids with condensed media under spatial limi-
tation is of certain interest for developing optical methods of
diagnostics in rapidly developing supercritical fluid technolo-
gies. Note that the number of studies on the optical diagnos-
tics of multiphase systems with subcritical and supercritical
fluids is rather limited. One of possible approaches in this
field is coherent anti-Stokes Raman scattering (CARS) spec-
troscopy, which is used to analyse the specific features of the
fluid behaviour in nanopores near the critical point [9-11];
however, this approach is fit for only transparent porous
media (for example, nanoporous glass Vycor) and cannot be
applied to dispersed systems with large scattering coefficients.
In this case, one can successfully use full-field speckle corre-
lometry, which, in particular, made it possible to reveal spe-
cific features of capillary condensation in porous media and
their relaxation dynamics near the saturating-component
critical point [12—14]. In our case, the immersion effect in
porous media saturated with carbon dioxide under isother-
mal change in pressure was investigated based on changes in
the small-angle diffuse transmission of a laser beam by a layer
of medium.

2. Experimental technique and results

We experimentally investigated the dependence of the small-
angle diffuse transmission of different porous layers with
fibrillar structure on the pressure of saturating carbon diox-
ide. The experiments were performed in the isothermal mode
at different temperatures near the carbon dioxide critical
point (T, ~ 304.1282 K). The objects of study were layers of

F-type filter paper [GOST (State Standard) 12026-76] and
sealing polytetrafluoroethylene (PTFE) ribbon with a pro-
nounced fibrous structure (FUM-2, technical specifications
6-05-1388-8); the sample thickness was L ~ 100 = 5 um in
both cases. A schematic diagram of the experimental setup is
shown in Fig. 1. Samples were placed in high-pressure stain-
less steel optical cell (/5) with sapphire windows so as to be
oriented perpendicular to the propagating direction of the
beam of He—Ne laser (/0) (GN-5P, A = 633 nm, output
power 5 mW, linear polarisation). The cell was filled with
carbon dioxide through a high-pressure capillary; a desired
pressure in the cell was set manually using high-pressure
plunger pump (6). We performed experiments with both
passive thermal stabilisation (using a heat-insulating foam
plastic jacket) and active thermal stabilisation of the cell
[using heater (&) containing a complementary pair of high-
power transistors and temperature sensor (/2) based on a
quartz generator (the cell temperature was determined from
the generator frequency deviation from the nominal value)].
The stabilisation system provided rms temperature fluctua-
tions with respect to a specified value in the operating range
(293-307 K) of no more than 0.01 K. Laser radiation, scat-
tered by probed layers forward at small angles with respect
to the incident beam was recorded for different carbon diox-
ide pressures in the cell. The pressure changed from atmo-
spheric to 10 MPa with a step of 0.2 MPa; the relative error
in measuring pressure was 1 %.

The radiation scattered forward into small angles was
recorded by a monochromatic Thorlabs DCC1545M CMOS
camera (1280 x 1024 pixels, pixel size 5.2 X 5.2 um, quantum
efficiency about 0.52 at a wavelength of 633 nm) without an
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Figure 1. Schematic of the experimental setup: (/) balloon with carbon dioxide; (2, 7) high-pressure valves; (3, /3) pressure sensors; (4) pressure
indicator in the high-pressure line; (5) four-way valve; (6) manual high-pressure pump; (&) temperature indicator—controller for high-pressure
optical cell; (9) inlet high-pressure valve; (10) laser; (/1) outlet high-pressure valve; (12) sensor of cell temperature; ( /4) indicator of cell pressure;

(15) high-pressure optical cell; (/6) CMOS camera; (/7) cell heater.
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objective; the camera was installed at a distance of 65 mm
from the probed layer, coaxially with the probe beam. The
area of the CMOS matrix used to calculate the average inten-
sity of forward-scattered radiation, was 120 x 120 pixels.
Before the measurements, we calibrated the camera using a
set of neutral light filters with known optical densities; the
intensity of the laser beam transmitted through the cell con-
taining no samples but only carbon dioxide under atmo-
spheric pressure was recorded. Calibration was performed
using different combinations of neutral light filters from a set
of standards KNF-1M (State Register, No. 37858-08) and a
Gentec Maestro laser power meter.

Figure 2 shows the dependences of normalised laser beam
intensity / (small-angle diffuse transmission coefficient),
scattered by probed samples at small (6 < 5.3 mrad) angles,
on the carbon dioxide pressure in the cell. The intensity values
were normalised to the laser beam intensity transmitted
through the cell without sample. Curves (/) and (3) corre-
spond to the subcritical temperature of the gas in the cell,
whereas curves (2) and (4) were obtained at 7> T,.. We also
measured (using Thorlabs IS236A-4 integrating spheres) the
diffuse-transmission and reflection coefficients (74 and Ry,
respectively) of the porous layers under study in air at room
temperature (4 = 633 nm). Based on the measured values, the
scattering coefficient u4 433 and transport scattering coefficient
U633 were reconstructed by inverse Monte Carlo simulation;
they turned out to be, respectively, 108 and 65 mm™! for filter
paper layers and 117 and 48 mm™' for PTFE ribbon layers.
Note that the u ¢33 L values for both the paper and PTFE rib-
bon samples significantly exceed unity and are approximately
10.8 (for filter paper) and 11.7 (for PTFE ribbon). This fact is
indicative of almost complete suppression of the unscattered
(‘coherent’) component of the laser beam emerging from the
probed layers.
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Figure 2. Experimental dependences of the small-angle diffuse trans-
mission coefficient of porous layers on the saturating-agent pressure for
(1, 3) subcritical carbon dioxide (7"= 301.16 K) and (2, 4) supercritical
carbon dioxide (7" = 306.16 K); the probed media are layers of (1, 2)
filter paper and (3, 4) PTFE ribbon.

3. Results and discussion

The increase in / with an increase in carbon dioxide pres-
sure is due to the increase in the density (and, correspond-
ingly, refractive index) of the medium saturating porous lay-
ers. Note a characteristic feature in the dependences I(P)

(observed at T < T,,): there is no jump of small-angle dif-
fuse transmission of probed layers at the pressure in the cell
corresponding to saturated vapour pressure Pg, at a speci-
fied temperature. The fast but sufficiently smooth increase
in I with an increase in pressure at P < P, is due to the
capillary condensation of carbon dioxide in pores [15],
which leads to coexistence of the liquid and gaseous phases
in the ensemble of pores at pressures below the saturated
vapour pressure. An increase in pressure is accompanied by
gradual filling of pores with the liquid phase. The liquid-
phase volume fraction f'in the pore ensemble tends to 1.0 at
P - Pg,,. The effective refractive index of the porous three-
phase system, matrix—gas—liquid, as a function of the ther-
modynamic parameters of the saturating medium with pores
much smaller than the light wavelength in size can be esti-
mated using the Maxwell Garnett or Bruggeman effective-
medium models [16]. However, these calculations, in which
the shape of pores must be taken into account, are beyond
the scope of this study. In qualitative analysis of the experi-
mental data obtained at temperatures below the carbon
dioxide critical temperature, the liquid-phase volume frac-
tion f'in the pores, which is formed due to the capillary con-
densation, can be estimated using the Kelvin model [15] with
allowance for the pore size distribution. The permittivities
(and, correspondingly, refractive indices) of the liquid and
gaseous phases at specified densities can be determined
using the modified Clausius—Mossotti relation, which,
according to [17], adequately describes the behaviour of the
permittivities of different media in both gaseous and liquid
phases and in the supercritical state:

- . 1+ 2Apliq,g,s
S \/;M : (1)

where the subscripts lig, g, and s denote, respectively, the
liquid and gaseous phases and the supercritical state of the
saturating medium. The experimentally found 4 value for
carbon dioxide is (1.42 + 0.012) x 10 m? kg™! [17]. To
determine the carbon dioxide density in different states
(liquid, gaseous and supercritical) as a function of temper-
ature and pressure, one can use the online calculator of
thermodynamic parameters of liquid, gaseous and super-
critical media [18].

Note that the ‘low-frequency’ Maxwell Garnett or
Bruggeman models can be used to estimate quantitatively the
effective refractive index of the ‘porous matrix—saturating
medium’ system below the critical point in the case of porous
systems with an average pore size {#) much smaller than the
probe light wavelength A. At (#) ~ A, one should use other
approaches to estimation of the effective refractive index of
the saturating medium (for example, the effective-medium
model described in [19]).

Figure 3 shows the dependences of the refractive index
n, of the saturating medium (supercritical carbon dioxide)
on pressure P, calculated for the range T > T, using
Eqn (1) and the data on the density of supercritical CO, at
specified 7 and P values, obtained with the calculator [18].
Under this condition, the problem of determining ng is
much simpler than in the case7 < T, due to the absence of
coexistence of condensed and gaseous phases in the system
of pores.

It is of interest to compare the optical clearing efficiencies
of experimentally investigated randomly inhomogeneous
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Figure 3. Theoretical pressure dependences of the refractive index of
supercritical carbon dioxide, saturating the porous matrices under
study, at 7= (1) 305, (2) 310, and (3) 315 K.

porous media with a supercritical fluid (in particular, carbon
dioxide) as an immersion agent. To this end, the transport
scattering coefficient u; of probed layers was reconstructed
for different values of the refractive index of supercritical
carbon dioxide saturating porous layers. The transport scat-
tering coefficient u = 1/I" = (1 — g)/l = u (1 — g) (g is the scat-
tering anisotropy parameter and u, is the scattering coeffi-
cient of the medium [7]) is one of the main (along with the
scattering anisotropy parameter) characteristics that control
the probe light transport in weakly absorbing randomly
inhomogeneous media. Correspondingly, the u} value deter-
mines the ratio between the diffusively scattered and unscat-
tered (‘coherent’) light-beam components in the forward-
scattering mode. The u! values were reconstructed using
inverse Monte Carlo simulation on the assumption that
variations in the refractive index of the saturating medium
affect only slightly the scattering anisotropy parameter of
probe light. This assumption appears to be justified, because
simulation of the influence of n, on the optical parameters of
disordered systems of spheroidal scattering centres, per-
formed with the aid of the online calculator [20], showed
high sensitivity of the scattering efficiency factor Q.. [16]
and, correspondingly, lower sensitivity of g to changes in the
refractive index of the matrix medium with particles. The
refractive indices n of scatterers, in correspondence with the
data of several publications and manufacturer’s specifica-
tions, were taken to be 1.52 (for cellulose) and 1.35 (for
polytetrafluoroethylene) in the simulation; the scattering of
probe light with A = 633 nm from systems of both nanosized
(g ~ 0) and submicron (g ~ 0.6) scatterers was considered.
The simulation results are presented in Fig. 4. For the sys-
tems of nanoscatterers, the ng value barely affects the factor
1 — g, which enters the expression for u} [Fig. 4a, curves (1),
(2)], whereas for the systems of submicron particles the fac-
tor 1 — g decreases with an increase in n,. However, the influ-
ence of ng on the scattering efficiency is much more pro-
nounced for both the systems with isotropic scattering (g ~
0) and the systems with the scattering anisotropy parameter
~0.6 (Fig. 4b).

Despite the possible significant differences of the effec-
tive scatterer shape from spheroidal in real probed systems,
the conclusion (based on the simulation results) about the
dominant influence of ng on Qg and, to a smaller extent, g
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Figure 4. Theoretical dependences of the normalised values of the (a)
parameter 1- g and (b) scattering efficiency factor Q. for model sys-
tems of spheroidal nanoparticles and submicron particles on the refrac-
tive index of the matrix medium containing (/) nanoparticles with an
average size of 50 nm and a refractive index of 1.52, (2) nanoparticles
with an average size of 50 nm and a refractive index of 1.35, (3) submi-
cron particles with an average size of 350 nm and a refractive index of
1.52, and (4) submicron particles with an average size of 350 nm and a
refractive index of 1.35. Parameters 1 — g and Q. are normalised to
their values at ny = 1.

for disordered ensembles of scatterers with relatively low
scattering anisotropy is fairly general and can be used to
reconstruct u¢ values. The reconstruction procedure was as
follows: the small-angle diffuse transmission coefficient 7
for the detection geometry used in our experiments was
determined (by the direct Monte Carlo simulation) for the
initial 4} value at specified values of g, effective refractive
index, and geometric thickness of the layer. The simulation
procedure was similar to that described in [14]. When the [
value was obtained, the residual between the calculated
and measured values of the small-angle diffusion transmis-
sion coefficient was calculated and then minimised in a
sequence of iterations by varying u§, with application of
the Levenberg—Marquardt algorithm. We used the values
of ufand g = 1 — ul/u, derived from the experimental data
on the diffuse transmission and reflection of probed layers
at a wavelength of 633 nm as the initial values for the itera-
tive procedure. The effective refractive index of probed
layers at a specified ng value, determined by the pressure of
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supercritical carbon dioxide in the optical cell (Fig. 4a),
was estimated within the Maxwell Garnett model (the vol-
ume fraction of pores in the layers was found from volu-
metric measurements). The refractive indices of porous
matrix media were taken to be approximately equal to 1.52
for the paper samples and 1.34 for the PTFE ribbon sam-
ples.

Figure 5 shows the reconstructed values of transport
scattering coefficient u{ at different refractive indices ng of
the saturating fluid. Note that the variability of u{ values in
the working range of pressures (and, correspondingly, n,
values) for the PTFE ribbon samples is much higher than
that for the paper samples: the transport scattering coeffi-
cient for the PTFE ribbon changes by a factor of more than
2, whereas the corresponding change for paper — by 40 %.
This difference is related to the lower refractive index of
PTFE structural elements (fibres) in comparison with cellu-
lose fibres. An analysis of the influence of the refractive
index n, of the matrix medium for disordered ensembles of
spherical dielectric particles with g values corresponding to
the systems under study showed that, in the used range of
variation in ng for particles with refractive indices of
1.52-1.55, the scattering efficiency factor changes by no
more than a factor of 1.4—1.8. At the same time, for parti-
cles with refractive indices of 1.31-1.38, the scattering effi-
ciency factor changes by a factor of more than 2.5 (Fig. 4b);
this behaviour is in satisfactory agreement with the experi-
mental data on the efficiency of optical clearing of porous
media with application of supercritical carbon dioxide as an
immersion agent.
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Figure 5. Dependences of the transport scattering coefficient of porous
layers of (1) filter paper and (2) PTFE ribbon on the refractive index of
saturating supercritical carbon dioxide [results of reconstruction from
the experimental data in Fig. 2 (curves 2, 4) using inverse Monte Carlo
simulation].

4. Conclusions

Thus, the experimental study of the immersion effect in
porous systems saturated with carbon dioxide in the gas-
eous phase or in the supercritical state demonstrated a
rather high efficiency of optical clearing of randomly inho-
mogeneous media using supercritical fluids as immersion

agents. This approach has evident advantages as compared
to the refractive index tuning (RIT) [21], which is based on
controlling the refractive index of saturating gaseous phase
by changing pressure. This advantage is related to a much
higher variability of the saturating-substance refractive
index in the case of supercritical fluids. At the same time,
the analysis of the small-angle diffuse transmission of
porous layers in the subcritical region as a function of pres-
sure (under conditions of capillary condensation) can be
used as a basis for characterising structural parameters of
porous systems.
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