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Speckle spectroscopy of fluorescent randomly inhomogeneous media

D.A. Zimnyakov, I.A. Asharchuk, S.A. Yuvchenko, A.P. Sviridov

Abstract. We propose a coherence optical method for probing fluo-
rescent randomly inhomogeneous media based on the statistical
analysis of spatial fluctuations of spectrally selected fluorescence
radiation. We develop a phenomenological model that interrelates
the flicker index of the spatial distribution of the fluorescence
intensity at a fixed wavelength and the mean path difference of par-
tial components of the fluorescence radiation field in the probed
medium. The results of experimental approbation of the developed
method using the layers of densely packed silicon dioxide particles
saturated with the aqueous rhodamine 6G solution with a high con-
centration of the dye are presented. The experimentally observed
significant decrease in the flicker index under the wavelength tun-
ing from the edges of the fluorescence spectrum towards it central
part is presumably a manifestation of spectrally dependent negative
absorption in the medium.

Keywords: fluorescence, randomly inhomogeneous medium, nar-
row-band filtering, coherence, speckles.

1. Introduction

To date, the coherence optical methods of probing randomly
inhomogeneous media are the most efficient and demanded in
the optical diagnostics of objects possessing a complex struc-
ture and dynamics. These methods include, e.g., different
modifications of diffusing-wave spectroscopy, based on the
correlation analysis of laser radiation scattered by the probed
medium [1-10]. In this case, the diagnosed quantities are the
parameters that characterise the dynamics of the scatterers in
the medium having the spatial scale comparable with the
wavelength of the probe radiation.

In application to the studies of the medium structure and
the peculiarities of its interaction with the probe radiation, a
different group of coherence optical methods is of interest.
These methods are based on the analysis of the statistical
characteristics of stochastic interference patterns formed by

D.A. Zimnyakov Yuri Gagarin State Technical University of Saratov,
ul. Politekhnicheskaya 77, 410054 Saratov, Russia; Institute of
Precision Mechanics and Control, Russian Academy of Sciences,

ul. Rabochaya 24, 410024 Saratov, Russia; e-mail: zimnykov@mail.ru;
I.A. Asharchuk, A.P. Sviridov Federal Scientific Research Centre
‘Crystallography and Photonics’, Russian Academy of Sciences,
Leninsky prosp. 59, 119333 Moscow, Russia;

S.A. Yuvchenko Yuri Gagarin State Technical University of Saratov,
ul. Politekhnicheskaya 77, 410054 Saratov, Russia

Received 8 August 2016; revision received 7 October 2016
Kvantovaya Elektronika 46 (11) 1047—1054 (2016)
Translated by V.L. Derbov

multiple scattering of laser or narrow-band thermal radiation
by the probed objects. In particular, a method for probing
randomly inhomogeneous media using the contrast measure-
ment in multiply scattered speckle-modulated laser radiation
was proposed in Ref. [11]. Based on the general principles of
stochastic interference of partial components of the scattered
light field in randomly inhomogeneous media, one can expect
that the maximal sensitivity of the contrast used as a diagnos-
tic parameter would be achieved in the case, when the coher-
ence length of the probe radiation is comparable with its char-
acteristic propagation path length 5. In Ref. [12], the approach
to the speckle-contrast diagnostics of randomly inhomoge-
neous media, using the probe radiation with tunable spectrum
(and, therefore, the variable coherence length) is considered.
The required effect in this case is achieved at the expense of
varying the pump current of the semiconductor laser, operat-
ing in the subthreshold regime near the oscillation threshold.
This technique allows the variation in the coherence length of
the probe radiation within the interval from 25-30 um to
3—4 mm (depending on the cavity length of the semiconduc-
tor laser). In this case, a characteristic feature is the mode
structure of the radiation spectrum with the envelope shape
close to Lorentzian. The variations in the pump current lead
to the change in the envelope half-width that determines the
coherence length of the probe radiation. The periodicity of
the radiation mode structure in the subthreshold regime
restricts the range of possible values of s from above by nearly
22[2AA,,, where A is the wavelength, and Ad,, is the intermode
separation.

The speckle contrast probing can be also implemented
using the frequency-modulated laser radiation under the con-
dition that the modulation period is essentially smaller than
the exposure time in the case of recording the speckle-modu-
lated scattered radiation by means of a multielement photo-
detector. In the simplest case of binary frequency modulation,
achieved as a result of periodical switching a single-mode
semiconductor laser between the oscillation modes (e.g., using
an oscillating diffraction grating as an external cavity mirror)
the effective coherence function of the probing radiation can
be presented by a harmonic function [13].

It is worth noting that certain analogies can be found
between such methods and the low-coherence reflectometry
of randomly inhomogeneous media [14] that uses the princi-
ples of optical coherence tomography [15]. In both cases, the
informative signals are formed as a result of stochastic inter-
ference of a part of light waves, propagating in the medium
along random paths and satisfying the necessary condition
that the path difference of the waves should be smaller than
the coherence length. At the same time, in contrast to the low-
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coherence reflectometry using a reference beam with regular
spatial structure, the discussed methods can be classified as
‘reference-free low-coherence interferometry’.

The paper presents the results of experimental approba-
tion and interpretation of the obtained experimental data for
the specific case of speckle contrast probing, when the medium
itself produces the probe radiation, fluorescing under pump-
ing by cw laser radiation in the absorption band of the fluoro-
phore. The coherence length of the recorded radiation, neces-
sary for producing expressed speckle modulation of the fluo-
rescence signal is achieved by narrow-band spectral filtering
at the detection stage. Note that the proposed method is inter-
esting not only from the point of view of further development
of the speckle-contrast diagnostics of randomly inhomoge-
neous media. In relation to the intense development of fluo-
rescence diagnostics methods for various applications in bio-
medicine and material science during three last decades (see,
e.g., [16-20]), the use of spectral selection of fluorescence
radiation in combination with the statistical analysis of inten-
sity fluctuations, caused by the stochastic interference, can be
also a subject of significant interest.

2. Phenomenological model of speckle
spectroscopy in a randomly inhomogeneous
medium

Let us accept the following model for further analysis.

(1) The fluorescent randomly inhomogeneous medium is
pumped by cw laser radiation within the fluorophore absorp-
tion band, characterised by high efficiency of pump radiation
absorption, due to which the absorption of laser radiation
and the subsequent fluorescence occur within a sufficiently
thin near-surface layer of the medium.

(i1) The fluorescence radiation is multiply scattered within
the medium layer before it arrives at the detector, recording
the fluorescence signal from the depths, exceeding the thick-
ness of the pumped layer. The process of signal propagation
can be described within the frameworks of the radiation
transfer theory (RTT) [21].

(iii) In the course of detection, the spectral selection of the
radiation by a rectangular window with the width A4 and the
centre wavelength A, (Ml << 4,) is implemented.

Within the frameworks of this model, we do not consider
the process of conversion of the pump radiation into the fluo-
rescence one and focus our attention on the result of propaga-
tion of fluorescence radiation from the secondary sources in
the near-surface medium layer to the detector under the con-
dition of narrow-band spectral filtering.

In this formulation, the problem can be reduced to the
case of probing a randomly inhomogeneous layer by narrow-
band radiation having the coherence length [, = A2/AA.
According to Ref. [12], the flicker index 8; = 07/{I ¥ of multi-
ply scattered linearly polarised radiation is described by the
expression:

Brp = f:o\ &(Leon, AS) |2p(As)d(As). (1)

Here, 07 and (I are the spatial fluctuation variance and the
mean intensity of the scattered quasi-monochromatic light,
respectively; and |g(/n,As)| is the modulus of the coherence
function of the probe radiation that controls the modulation
depth of the spatial intensity fluctuations in the course of sto-

chastic interference of the scattered light field partial compo-
nents. The complex-valued function g(/.., As) is defined as
the Fourier transform of the probe radiation spectral den-
sity at the output of the probed medium (with its narrow-
band spectral filtering before the detection taken into
account). In Eqn (1), p(As) is the probability density func-
tion for the values of the path length difference of the partial
components of the scattered length in the probed medium.
The subscript /p corresponds to the case of detecting the lin-
ear multiply scattered light with the arbitrarily chosen
polarisation azimuth. Note that the flicker index is uniquely
related to the contrast value V of the stochastic interference
patterns (speckle fields), also frequently used for their quan-
titative description, ;= V2.

In the case of detecting multiply scattered fluorescence
radiation in the absence of polarisation discrimination (selec-
tion of linearly polarised component), one should keep in
mind that the detected signal can be considered as a result of
incoherent superposition of two linearly polarised statistically
independent components (polarisation modes) with orthogo-
nal directions of polarisation. Assuming the identical statisti-
cal properties of the random intensity values for these polari-
sation modes of the radiation, propagating in the randomly
inhomogeneous medium, we obtain the flicker index of the
resulting signal in the form

2 2 2 2
(011p||+0_11pl_) _ Olpl| OllpL

(<Ilpl\> + <Ilpl>)2 . <IlpH>2 ' <]1Dl>2 ’
where the symbols ||, L relate to the corresponding polarisa-

tion modes. Thus, Eqn (1) should be modified in the follow-
ing way:

ﬂIE:

2

Brs = 0.5 [ glons ) p(A5) d(A9). 3

Below the subscript X will be omitted.

Consider the particular limiting cases of detecting the flu-
orescence light with a high and low degree of temporal coher-
ence. The notions of ‘high’ and ‘low’ degree of spatial coher-
ence should be considered from the point of view of the rela-
tion between /., and the mean value (As) of the path length
difference of interfering partial components of the fluores-
cence radiation in the medium. For /.., >> (As) (high degree
of coherence), | g(l.on,As)| ~ 1in the entire interval of possible
values of (As), and, correspondingly, ; ~ 0.5. Note that this
situation corresponds to the case of overlapping of two
orthogonally polarised statistically independent developed
speckle fields and is described by the Rayleigh distribution of
the local intensity values [22]:

pUI(A) = [2/CT(A)FT (A)exp[—21 (4) /(T (A))]- 4)

On the contrary, when /[, << (As), the observed spatial distri-
bution of the local intensity values of the scattered radiation
will be described by the Gaussian statistics with small values
of the flicker index f3;. For /.,/{As) = 0 the spatial distribution
is close to uniform.

The probability density function for the values of the path
length difference of the field partial components for the fluo-
rescence radiation in the medium p(As) can be written as [12,13]

p(As) = K fo " p(s + As)p(s)ds. 5)
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where K is the normalisation coefficient, determined from the
condition

Kfooop(As)d(As) —1.

Under the fixed conditions of excitation and detection of
fluorescence, the probability density function p(s) is deter-
mined by the shape of the light pulse d(¢), recorded by the
detector under the excitation of fluorescence by an ultrashort
pump pulse 1(z) « 6(¢) (provided that the spread of emission
times after the excitation is essentially smaller that the charac-
teristic time of light propagation from the emitter to the
detector). Depending on the optical characteristics and geom-
etry of the medium, the function p(s) can be obtained either
by approximate analytical solution of the time-dependent
equation of radiation diffusion, or by numerical solution of
the radiation transfer equation (RTE) [21]. One of the
approaches to solving the RTE numerically is the simulation
of radiation transfer in the medium using the Mote Carlo
method, which is used to obtain p(s) in the present paper.

From the rectangular shape of the spectral window used
in the considered case for narrow-band filtering of the fluo-
rescence radiation it follows that the modulus of the coher-
ence function can be presented as

)
lcoh .

3. Experimental technique and results

| g(lcoha AS) ‘ = (6)

sinc(n

In our case the samples under study were layers of densely
packed nanoporous particles of SiO, having irregular shape
(Fig. 1). The statistical analysis of electron microscopy images
of individual particles, performed for the sample of 200 frag-
ments of individual images, allowed the estimation of the

mean values and the root-mean-square deviation for the geo-
metrical cross section of the particles, approximately equal to
1.95x10* um? and 7.23% 10? pm?, respectively. The used sili-
con dioxide powder was kept in cylindrical metallic contain-
ers having the height 2 mm and the inner diameter 5 mm,
placed on glass substrates, and was slightly compressed to
obtain flat surfaces. The volumetric analysis of the samples
has shown that the volume fraction of SiO, particles in the
layers is nearly 0.35. The layers were saturated with the aque-
ous solutions of rhodamine 6G with the volume fraction of
the dye in the layer equal to 0.005.

The dye fluorescence in the surface zone of the layers (Fig. 2)
was excited by cw laser radiation having the wavelength 532 nm
(diode-pumped solid-state Nd:YAG laser). The beam of
laser radiation was extended using the defocusing lens with
the focal length 200 mm and was incident onto the surface of
the layer at an angle of 45°, completely overlapping it. The
power density of pump radiation at the surface of the layer
was estimated as 80 mW c¢cm2. To record the fluorescence
radiation in the layer we used the confocal Raman micro-
scope (LabRam GR&800, Horiba Jobin Yvon). In the course
of the experiment, the layers were scanned in the directions
parallel to the surface at the depths 2 = 50, 100, 150 and
200 um. The length of the individual scan trace was 1 mm and
the scanning step was 10 um. For each depth, the number of
non-coincident scanning traces was equal to 20. At each step,
the fluorescence spectra were recorded within the wavelength
interval 570—700 nm with the slit width 0.052 nm. To elimi-
nate the pump radiation, we used the optical filter blocking
the radiation with the wavelengths shorter than 533 nm in the
optical scheme of the microscope sed. The small slit width of
the Raman microscope monochromator used for spectral
selection of the fluorescence radiation allowed one to obtain
sufficiently large coherence lengths of the detected radiation
(6.25 mm for the high-frequency edge of the emission spec-
trum at 570 nm and 9.42 mm at 700 nm). The transverse size
of the detection zone in the sample volume for the used confo-

300 um

Figure 1. Electron microscopy image of SiO, particles used to prepare
the samples.

Figure 2. Schematic of the experimental setup:

(1) optical system of the confocal Raman microscope; (2) CCD photo-
detector; (3) monochromator; (4) pinhole aperture; (5) microscope
objective; (6) diode pumped solid-state laser; ( 7) defocusing lens; (&)
studied sample in the container.
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cal systems, consisting of a pinhole aperture and a microscope
objective, did not exceed 2 um.

In the course of experiments, the following features of
spatio-spectral distributions of the recorded fluorescence sig-
nals were revealed.

The fluorescence spectra of the studied samples, recorded
at different points of the scanning traces are characterised by
sufficiently high variability of the wavelength position and
value of maxima. The averaged value of the wavelengths cor-
responding to the fluorescence maxima (A,,,) ~ 596.5 nm,
and the mean square deviation of maxima from (4., is
approximately 14.8 nm. All local spectra of fluorescence,
recorded within the layer volume, are essentially shifted
towards the long-wavelength region as compared to the refer-
ence spectrum. For the latter we took the fluorescence spec-
trum of the used aqueous dye solution. The mean shift value
is approximately 37.8 nm.

The spatial distributions of the fluorescence intensity at
fixed wavelength demonstrate high stochasticity (Fig. 3) with
the modulation depth essentially dependent on the wave-
length. The depth of the stochastic modulation decreases
from the edges of the fluorescence spectrum to its central part.

10000

I (arb. units)

7500
50001, 4/

2500F .

1 1 1 1
0 200 400 600 800  x/um
Figure 3. Fluorescence intensity distributions at fixed wavelengths

along the scanning traces for the scanning depth 2= (1,2) 50 and (3, 4)
150 um at A, = (1) 565.40, (2) 632.10, (3) 570.49 and (4) 637.51 nm.

The statistical characteristics of the variability of the local
fluorescence spectra, as well as those of the spatial fluctua-
tions of the fluorescence intensity at a fixed wavelength (the
mean values and the variances) insignificantly change with
the change in the scanning depth within the used interval
50-200 um. In this relation, in the statistical analysis of the
spatial intensity fluctuations for different fixed wavelengths,
the averaging was performed not only over different scanning
traces for A, from the specified depth, but also over the differ-
ent probing depths.

Figure 4 presents the spectral dependences of the flicker
index f3;(4.), demonstrating the above weak dependence on
the probing depth /. The inessential spread of j; for different
h has no systematic character and seems to be determined
by the sampling volume limitation. The confidence intervals
for the dependence f3;(4.) for uniformly distributed wave-
lengths in the interval 570—700 nm, corresponding to the con-
fidence level 0.9 (Fig. 5), illustrate the spread in the values of
{Bp calculated from the experimental data and averaged over
the probed volume. Figure 5 also presents the fluorescence

spectrum {I(A.))/{I.x(A.)) normalised to the maximal value.
A characteristic feature is that the minimal value of the
flicker index is achieved closer to the inflection point of the
fluorescence spectrum (I(A))/(I,.x(A)), rather than near its
maximum.

B
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580 600 620 640 660 680 A/nm

Figure 4. Spectral dependences of the flicker index for the spatial inten-
sity distributions at the porbing depths 2= (/) 50, (2) 150 and (3) 200 um.

One should also note the existence of periodic low-ampli-
tude oscillations, manifesting themselves in the spectral region
of the maximal values of the fluorescence intensity for differ-
ent positions of the detection zone. These oscillations have
the interference nature, do not relate to the studied samples,
and are probably due to the parasitic interference in the opti-
cal scheme of the confocal Raman microscope.
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Figure 5. Dependence f3;(4.) and fluorescence spectrum normalised to
the maximal value, averaged over different probing depths. The confi-
dence intervals are shown for the selected wavelengths and correspond
to the confidence level 0.9.

4. Discussion of experimental results

The effect of an essential decrease in the flicker index f; under
wavelength tuning towards the centre of the spectrum (I(1))/
(I(Amay)), observed in the experiment (see Fig. 5), within the
considered approach is due to an essential increase in the
quantity
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(As) = fOZv p(As)d(As).

Due to its coarse-grained structure, the probed medium
should be characterised by sufficiently large transport length
[" of the radiation propagation in the medium and the scatter-
ing anisotropy parameter g [21]. In particular, the preliminary
estimates of these parameters for the disordered system of
SiO, spherical scatterers in water with the same geometric
cross section as that of the particles of the studied system,
averaged over the ensemble, and the same volume fraction of
particles, yield the value of /" in the interval 10—30 mm and
g ~0.95-0.97. However, we should note that the extremely
irregular shape of particles in our case, characterised by the
presence of multiple ribs and angles, as well as the nanoporos-
ity of the particles, could lead to the essential decrease in the
transport length values for the studied system as compared to
the above estimate data. Nevertheless, for the considered
spectral interval the value of /" should be large enough, and,
as shown below, comparable with the layer thickness.

For a ‘passive’ randomly inhomogeneous medium in the
absence of fluorescence radiation, the essential increase in
(As) for the probe radiation in a certain wavelength interval is
expected to be caused by strong dependence of its optical
transport parameters (the transport length, the scattering
anisotropy parameter, and the absorption length) on the
wavelength in this interval. However, no such behaviour is
observed. Note also that the absorption of light by the consid-
ered system in the interval 600—700 nm is rather small. The
increase in the coherence length of the detected radiation with
increasing wavelength at the constant width of the spectral
window should lead to the effect, opposite to the one observed
at the value of (As) unchanged (the values of f; for the long-
wavelength edge of the fluorescence spectrum should be
larger than for the short-wavelength one). The broadening of
the distribution p(s) of partial components over the propaga-
tion lengths in the medium and, hence, the growth of (As) can
be efficiently caused by the negative absorption (gain) of the
radiation propagating through the medium. In this case, the
function p(s) is subjected to the following transformation:
p(s) = p(s)exp(it,s), where i, is the negative absorption coef-
ficient. Such a transformation leads to an increase in the con-
tributions to the fluorescence signal from the partial compo-
nents with large values of s. The appearance of the negative
absorption in the wavelength interval, corresponding to the
central part of the fluorescence spectrum (I(1))/{I(A.,)), could
be caused by the high concentration of the dye in the system,
increasing the probability of manifestation of elementary pro-
cesses of stimulated emission in the propagation of the partial
components through the medium.

For quantitative estimation of the effect of the parameter
(As) and the hypothetic spectrally dependent negative absorp-
tion on the flicker index of the detected fluorescence signal,
we applied the Monte Carlo simulation of the radiation trans-
fer in the randomly inhomogeneous layer. The simulation
procedure, analogous to the one described previously [12,13],
was modified to allow for the specific features of the fluores-
cence emission and detection. Due to the extremely high con-
centration of the dye in the solution, the estimated thickness
of the layer, in which the pump radiation is converted into the
fluorescence radiation, amounts to a few micrometres only
[23], whereas the registration of the fluorescence signal is car-
ried out in much deeper layers. In the Monte Carlo simulation
we used the approach, in which the medium absorption (posi-

tive or negative) is taken into account by multiplying the
weight of the propagating ‘photon’ packet by the Bouguer
factor exp(—u,s). Within the framework of this approach, the
weight of the packet propagating through the medium
between the emitting region and the detector by the distance s
is determined by the probability density p(s). At the initial
stage, the simulation is performed with the unabsorbing ran-
domly inhomogeneous medium, after which the obtained
probability density function p(s) is transformed using the
Bouguer factor to take the absorption into account.

In the course of simulation, the phase function of the
medium [21] was taken in the Henyey—Greenstein form [24],
adequately describing the angular distributions of the scat-
tered radiation intensity for the randomly inhomogeneous
media of different types practically in the entire range of pos-
sible values of the scattering anisotropy parameter g (except a
small region in the vicinity of unity). At the first stage of sim-
ulation we studied the interrelation between the values of /*
and (As) for planar unabsorbing randomly inhomogeneous
layers with the thickness 2 mm with the scattering anisotropy
parameter lying within the interval 0.80—0.97. The modelled
scheme (the pumping of the near-surface region of the medium
and the detection of radiation from a deeper located layer in
the backscattering geometry) corresponded to the geometry
of the experiment. The number N of ‘photon’ packets, injected
into the medium, was equal to 10°. The analysis of the output
data demonstrated the absence of the procedure cycling with
this N. Because of the absence of a priori values of the optical
parameters of the studied system, in the course of simulation
the value of /* as an initial parameter of the procedure was
chosen within the interval 0.05—-25 mm (in order to overlap
the unknown value of the transport length for the probed
samples). As an example, Fig. 6 presents typical functions p(s)
and p(As), obtained as a result of simulation of sets of random
values of s for the ‘photon’ packets propagating through the
medium. The functions p(As) were calculated in correspon-
dence with the expression (5), after which for the given values
of I" and g the quantity (As) was calculated.

The analysis of the obtained results revealed the weak
dependence of (As) on the scattering anisotropy parameter,
namely, when g varies within the interval 0.80—0.97 and /"=
25 mm, the corresponding values of (As) differ by no more

= 0.100
E N
£
=
4 _
= 0.075 p(s)
= - - p(hs)
=

0.050

0.025

0 10 20 30 40 s, As/mm

Figure 6. Examples of functions p(s) and p(As), obtained by the Mote
Carlo simulation. The transport length is /" = 1.96 mm. The arrow
points to the peak, corresponding to the partial components of the fluo-
rescence radiation field that undergo single scattering from the back
surface of the layer.
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than 5%-6% and become negligibly small at smaller values
of I*. This fact is probably caused by the diffusing regime of
light propagation between the emitting region and the detec-
tor for the used detection scheme. In spite of the considerable
contribution to the recorded signal from the partial compo-
nents that have experienced single scattering from the lower
boundary and propagate in the layer through relatively small
distances (the corresponding peak in Fig. 6 is marked by an
arrow), the model values of s for this peak essentially exceeds
the doubled thickness of the layer. This indirectly confirms
the diffusion character of the fluorescence radiation propaga-
tion in the layer.

Due to the weak dependence of (As) on g, at the second
stage of the simulation the value of g was fixed to be 0.90,
based on the following considerations. The above estimates
for systems of coarse spherical SiO, particles yield the values
of g close to 1. The expressed shape irregularity of the parti-
cles in the medium under study should lead to somewhat
reduced scattering anisotropy, in spite of the extremely large
value of the wave parameter of the scatterers ma/l ~ 600800
(here a is the characteristic particles size). The question arises
whether the used approach, based on the radiation transfer
theory, is applicable to such coarse-grained systems. It is
worth noting that within the performed phenomenological
analysis the evaluated parameters of radiation transfer in the
medium (first of all, {(As)) are by no means related to the char-
acteristics of individual scatterers (e.g., the scattering effi-
ciency factor). Instead, they are interpreted basing on the
integrated effects of interaction of the medium with radiation
(stochastic interference with narrow-band filtering of multi-
ply scattered fluorescence radiation). At the same time, the
applicability of RTT to the description of radiation transfer
in randomly inhomogeneous media using the optical trans-
port parameters (transport length, scattering length and scat-
tering anisotropy parameter) is still not disproved by any-
body.

In further simulation, for different distributions p(As)
(and, correspondingly, different (As)) using Eqns (3) and (6)
we calculated the values of 3; as functions of the wavelength
A The results are presented in Fig. 7 by the family of curves
Br = f(As,4.), the difference of which is caused by the differ-
ence of the coherence lengths /.., = A2/AA. The increase in the

Br
—— 700 nm (1)
030 - -~ 680 nm (2)
/[ OPPS 660 nm (3)
0.25F = 640 nm (4)
=== 620 nm (5)
020k *7] ------ 600 nm (6)
0.15¢
0.10¢
0.05F

10 15 20 25 30 35 (As)/mm
Figure 7. Theoretical dependences of §; on (As) for different selected
wavelengths A.. The point show the experimental values of the flicker
index averaged over the probed volume [see the dependence f3;(4.) in
Fig. 4]. For 4. equal to 630 and 640 nm the corresponding points are
beyond the displayed interval of (As).

mean path difference for the partial components of the fluo-
rescence field in the probed medium leads to fall of ;; larger
wavelengths correspond to larger 3;, which is due the larger
coherence length of the detected radiation, the width of the
spectral window being unchanged.

In the plots of Fig. 7 the points present the averaged val-
ues of B; obtained in the experiment at the appropriate wave-
lengths. Note that in the case of a weak dependence of (As) on
A (or the absence of such dependence) for the system under
study the experimental values would be localised in a compact
area in the plane ((As),f3;), and the variations of the flicker
index under the monochromator wavelength tuning from 580
to 700 nm would not exceed 0.04—0.05. However, based on
the obtained model dependences, the variations of ; observed
in the experiment with A, varying from 570 to 630 nm corre-
spond to more than a quadruple increase in As. Such sharp
broadening of the distribution p(s) of partial components of
the fluorescence radiation field over the path lengths in the
medium within a sufficiently narrow spectral range cannot be
explained within the concept of a ‘passive’ linear randomly
inhomogeneous weakly absorbing medium, for which at the
fixed thickness the main influence on As is exerted by the
transport length I*. The factor so cardinally affecting the sta-
tistics of partial component paths in the medium can be the
spectrally dependent negative absorption, caused by the high
concentration of the dye. Suppose that the coefficient of nega-
tive absorption /i, that determines the amplification of the
fluorescence radiation propagating through the medium
tends to zero near the short-wavelength edge of the fluores-
cence spectrum and increases as the wavelength is shifted
towards the central part of the spectrum. Within the consid-
ered model, the value As ~ 8.5 mm obtained for A, = 700 nm
corresponds to the transport length /* ~ 1.96 mm, compara-
ble with the thickness of the studied samples.

Using the Mote Carlo method we simulated the effect of
U, on As for the medium layer with the given value of /°,
assumed to correspond to the system studied here. Figure 8
illustrates the interrelation of i, and As; the inset shows the
spectral dependence /i,(1) with the maximum near the inflec-
tion point of the normalised averaged fluorescence spectrum
TA)YI(Amay))- The analysis of interrelation between the val-
ues of i,(4) and the first derivative d/dA{(J(A))/{I(Amax))}
revealed rather large (about —0.8) Pearson correlation coeffi-

7 0.125
=]
£
'=0.100
0.075F 01
g 0.100{
=
0.050L 0.075
0.050(
0.0251 0.025
0530 600 620 640 660 680 700
AJnm
0 1 1 1 1
10 20 30 40 50
(AS)/mm

Figure 8. Calculated dependence of z, on (As) at /"= 1.96 mm. The in-
set shows the spectrum of u,, calculated within the frameworks of the
proposed model based on the obtained experimental data.
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cient (the negative sign corresponds to the growth of one
quantity accompanied by a decrease in the other).

The conclusion about the existence of considerable spec-
trally dependent amplification of the fluorescence radiation in
the coarse-grain medium pumped by cw laser radiation seems
somewhat unexpected. As a rule, the effects of gain and gen-
eration of laser radiation in randomly inhomogeneous media
are studied under pumping by pulsed laser light with much
greater power densities of the order of a few MW mm™ (see,
e.g., [25]). However, it should be noted that the issues of the
effect of spectrally dependent fluorescence yield on the diffu-
sion transfer of the fluorescence radiation in a randomly
inhomogeneous medium, similar to considered here essen-
tially below the laser oscillation threshold, have not been
especially considered until now. The system studied in the
present paper is comparable with some studied random laser
media in morphology and optical properties of the matrix
medium (densely packed layers of silicon dioxide particles),
the dye concentration being essentially higher [25]. In our
opinion, an additional indirect argument in support of the
hypothesis of the manifestation of the medium active proper-
ties in the diffusion transfer of the fluorescence radiation in
the studied system is the strong correlation between the recon-
structed values of 4, and the dispersion of the normalised
fluorescence spectrum d/dA{{I(A))/{I(Amax))} -

Note that the essential effect on the transfer of the fluores-
cence radiation with the wavelengths shorter than 580 nm is
also expected from the absorption of rhodamine 6G, corre-
sponding to the low-frequency wing of the dye absorption
spectrum. In our opinion, this is just the fact that explains the
specific features of the f; spectral dependences, observed in
the experiment, namely, their asymmetry and the shift of the
minimum towards the long-wavelength region with respect to
the fluorescence maximum.

5. Conclusions

Thus, we have proposed a method for probing fluorescent
randomly inhomogeneous media, based on the analysis of the
spectral dependence of the flicker index of the recorded fluo-
rescence signal subjected to narrow-band filtering. The devel-
oped phenomenological model allows the establishment of
interrelation between the value of the flicker index at the fixed
wavelength and the mean path difference of the partial com-
ponents of the fluorescence radiation field in the medium. In
turn, within the frameworks of the radiation transfer theory
from the obtained mean path difference one can reconstruct
the optical transport parameters of the probed medium. The
application of the developed method to the fluorescent
medium, pumped by a cw laser and consisting of densely
packed grains of silicon dioxide, saturated with the aqueous
solution of rhodamine 6G allowed the establishment of a
strong dependence of the mean path difference of the partial
components on the wavelength. The maximal value of the
mean path difference is achieved near the inflection point of
the fluorescence spectrum. Such features are likely due to the
effect of spectrally dependent negative absorption (gain) of
the fluorescence radiation in the studied system.

The results can serve as a physical base for the creation
and development of new approaches in the fluorescence diag-
nostics for applications in biomedicine and material science.
Like other optical diffusive methods (diffuse reflection and
transmission spectroscopy, coherence backscattering spec-
troscopy [26,27], low-coherence reflectometry [14]) and in

combination with them, the speckle spectroscopy of scattered
fluorescence radiation can be used to estimate the optical
transport parameters of the probed medium. In turn, from
the obtained values of transport parameters (transport length,
scattering anisotropy parameter, effective refractive index)
using the effective medium models (see, e.g., [27,28]) one can
evaluate the structure characteristics of the probed systems
(the mean size of scattering centres, their concentration in the
medium and refractive index at the wavelength of the probing
radiation). The method of speckle spectroscopy of the scat-
tered fluorescence radiation is applicable to different classes
of scattering media (biological tissues, composite materials,
polymer systems), provided that the characteristic propaga-
tion length of the fluorescence radiation in the medium is
comparable with the coherence length of the detected radia-
tion, determined by the width of the spectral window.
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