Quantum Electronics 42 (1) 82-86 (2012)

©2012 Kvantovaya Elektronika and Turpion Ltd

PACS numbers: 42.25.Fx; 42.30.Ms
DOI: 10.1070/QE2012v042n01ABEH014703

Christiansen effect in disperse systems with resonant absorption

D.A. Zimnyakov, E.A. Isaeva, A.A. Isaeva

Abstract. We discuss the results of experimental studies of compe-
tition of absorption and scattering of laser radiation propagating in
dispersive media with resonant absorption. As media under study,
use is made of a suspension of polystyrene particles in solutions of
rhodamine 6G in ethylene glycol probed by laser light with a wave-
length of 532 nm. It is found that an increase in the dye concentra-
tion leads to an increase in optical transmittance of suspensions and
an increase in speckle modulation of the forward-scattered radia-
tion. We interpret these features as a manifestation of Christiansen
effect in disperse systems with resonance absorption.

Keywords: speckles, scattering, absorption, laser light, dispersive
media, Christiansen effect.

1. Introduction

Propagation of light in randomly inhomogeneous media is
accompanied by fundamental phenomena arising from the
interference of partial components of scattered light field in
the medium [1]. Among these phenomena are coherent back-
scattering, sometimes interpreted as a phenomenon of weak
localisation of the electromagnetic field [2, 3], the occurrence
of temporal, spatial and frequency correlation of light fields,
the generation and amplification of laser radiation in ran-
domly inhomogeneous media (random lasing). The effect of
laser generation takes place in the case of multiply scattering
disperse systems containing components with a high quantum
yield of fluorescence under their pumping by external radia-
tion sources. This effect considered by Letokhov in 1967 [4]
has become the subject of intense research in the last two
decades [5-8].

Spatial scales of interaction of radiation with a medium
[*, [, and [, are frequency-dependent (here, /" is the transport
mean free path of radiation propagation in a medium, /; is the
scattering mean free path, /, is the absorption length [9,10];
active randomly inhomogeneous media in which the effect of
laser generation is possible are also characterised by the gain
length Iy, [11]). This is due to the influence of the wave
parameter ka of scattering centres (k is the wave number of
radiation propagating in the medium, «a is the characteristic
size of scattering centres) on the scattering efficiency Qg [12]
and the scattering anisotropy g (and, hence, on /* and /), and
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also due to the influenced of the selective absorption of the
medium (on /,). For laser media with a random structure, the
controlled changes in the frequency dependences of the
absorption coefficient u, (and, hence, /, = #;') and fluores-
cence quantum yield open up new avenues for controlling the
generation process. This can be done by changing the volume
fractions of the components in a mixture of two dyes with dif-
ferent quantum yields — in a gain medium in a disperse system
[13]. The maximum sensitivity of the transport characteristics
of the medium to changes in wavelength and structural
parameters is observed in the spectral regions where reso-
nance effects manifest themselves upon scattering and absorp-
tion.

In some cases, changes in the absorption coefficient of a
component of the disperse system can significantly affect the
radiation scattering in it because of strong interaction of real
and imaginary parts of the refractive index of the absorbing
component near the resonance absorption. This can lead to
significant changes in the transport characteristics of the sys-
tem and, consequently, influence the generation of laser radi-
ation in it. Similar phenomena should also be taken into
account when developing methods for laser probing of bio-
logical tissues in the absorption bands of natural chromo-
phores (e.g., haemoglobin) and of those artificially adminis-
tered into the tissue (photosensitizers) [14, 15].

The aim of this work is to study the effect of partial
bleaching of multiply scattering disperse systems based on
suspensions of polystyrene particles in solutions of rhoda-
mine 6G in ethylene glycol with increasing dye concentration
in the case of probing the systems by 532-nm laser radiation
(near the absorption maximum of the dye solution in ethylene

glycol).

2. Experimental

The test samples represented layers of suspensions of polysty-
rene particles of diameter 1 um (the rms deviation of particle
diameters was no more than 0.05 um, the host medium was a
solution of rhodamine 6G in ethylene glycol) in flat glass cells
of thickness 70 um. The volume fraction of particles in the
suspensions was 0.06, the concentration of the dye in the host
medium varied from zero to 2.15x 1073 mol L~!. During the
preparation, the suspensions were homogenised by ultra-
sound, then the required volume of the suspension was placed
between two slides, which were separated by spacers of thick-
ness 70 um and acted as the cell walls. During the experiment,
the cells were fixed vertically.

Figure 1 shows the experimental setup used for the analy-
sis of small-angle forward scattering of laser radiation by the
specimens under study. The samples placed on a high-preci-
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sion translation stage were irradiated by a slightly divergent
laser beam formed by a telescopic system with a spatial filter
(aperture of diameter 10 um). Forward-scattered radiation
was detected with a micro-objective consisting of an M-42
microscope (8%, numerical aperture of 0.2) and a receiving
aperture, whose role was fulfilled by the entrance end of a
fibreoptic patch cord (diameter 50 um) connected to the pho-
todetector (Hamamatsu H7468). The microscope was
adjusted so that during transverse scanning of the sample, the
medium-glass interface facing the micro-objective was opti-
cally conjugate to the image plane, where the entrance end of
the patch cord was located. The distance between the micro-
objective and image plane was 194 mm. The sample was
scanned with a step of 1 um; at each step of scanning, the
signal was recorded. The samples were probed by 532-nm
laser radiation (linearly polarised frequency-doubled diode-
pumped Nd: YAG laser with an output power of 2 mW). For
comparison, some samples were also probed using 633-nm
radiation of a He—Ne laser. To increase the signal-to-noise
ratio, an interference filter for A= 532 or 633 nm was placed
before the entrance end of the patch cord (depending on the
laser used).

Figure 1. Scheme of the experimental setup: (/) laser; (2) telescopic
system — beam expander with a spatial filter; (3) aperture limiting the
probe beam; (4) cell with the sample under study; (5) micro-objective;
(6) removable interference filter; ( 7) fibreoptic patch cord; (8) photo-
detector; (9) computer.

Figure 2a shows the dependences of the intensity / of the
detected optical signal at 4, = 532 nm on the transverse dis-
placement of the sample at various concentrations of rhoda-
mine 6G in a dispersive medium, whereas Fig. 2b presents a
similar dependence at A, = 633 nm, obtained at a maximum
concentration of the dye (¢ = 2.15x 1073 mol L™!). It should be
noted that for the dependences demonstrated in Fig. 2a, we
observe an increase both in the average intensity of the
detected signal (/) and in the rms value of o; of the intensity
fluctuations 7 — (I) with increasing c; in this case, oy increases
essentially greater than (7). This leads to a significant speckle
modulation of the optical signal at the maximum dye concen-
trations in the experiment. Thus, for the data presented in
Fig. 2a, the normalised intensity {7 )/{I)._, and contrast o;/I)
of the speckles modulating the detected optical signal are
equal to 1 and 0.04 at the zero dye concentration, to 1.55 and
0.75 at ¢ = 7.05x10% mol L' and to 2.4 and 0.82 at ¢ =
2.15%1073 mol L! (the value of {I),_o, used to normalise the
average signal intensity at A, = 532 nm, corresponds to the
zero concentration of the dye). The contrast of the speckles,
shown in Fig. 2b and obtained at a maximum concentration
of the dye and 1= 633 nm, is equal to 0.73 (the average inten-
sity in this case was not normalised).

We should note the absence of ‘fast’ dynamics of the
speckle inherent in suspensions and caused by the Brownian
motion of scattering centres. We observed slow decorrelation
of the speckle patterns in the detection region, which, in these
experiments, is typical for samples with a fairly stable struc-
ture (in vitro biological tissues and polymer materials) and
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Figure 2. Dependences of the optical signal intensity 7 on the transverse
displacement of the sample, x, upon scanning for o= 532 nm and con-
centration of rhodamine 6G in the host medium ¢ =0 (7), 7.05x 107 (2)
and 2.15x1073(3) (a), and for Ap= 633 nm and ¢ =2.15x 103 mol L™ (b).

results from fluctuations of the laser radiation frequency,
temperature instabilities, etc. These low-frequency fluctua-
tions of the speckles had no significant effect on the process of
their registration, because the characteristic decorrelation
time markedly exceeded the scan time of a path segment hav-
ing the length of the order of an average speckle size. The
absence of pronounced ‘Brownian’ dynamics of the speckles
is due, in our opinion, to the high viscosity of the host medium,
to large enough volume fraction of scattering centres and to
the space confinement of disperse systems under study.

3. Discussion of experimental results

At first glance, the increase in the average intensity of the
forward-scattered laser light with increasing dye concentra-
tion in the probed disperse system is unusual. This effect can
be interpreted on the basis of an analysis of the combined
effect of the host medium absorption and scattering by parti-
cles on the transport properties of disperse systems. At a fixed
concentration f of scattering centres of radius r in the system,
in the weak scattering limit we have u, = 3Q. f/(4r), where
Q.o depends on the wave parameters kr and the real parts of
the refractive indices of the host medium 7 and the scattering
centres n, (for the dielectric scattering particles we suggest
that the imaginary part of the refractive index is n)” = 0). In
addition, Q,.,, under certain conditions, can be significantly
influenced by the imaginary part of the refractive index of the
host medium 7", determined by its absorption coefficient u,.
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A theoretical analysis of the influence of the absorption coef-
ficient u, of a medium containing spherical scatterers on the
scattering efficiency is given in a number of papers [16—18],
where a modified Mie theory is used to calculate the cross sec-
tions of a dielectric sphere immersed in an absorbing medium.
Effect of absorption on Qg increases with kr, resulting in a
substantial decrease in the scattering efficiency for large par-
ticles.

Another reason that leads to a decrease in Q,, with
increasing dye concentration in the host medium is the
increase in ny, manifested most significantly for wavelengths
near the maximum absorption of the medium (in the range
corresponding to the transition from the segment of the dis-
persion characteristics of the medium with anomalous behav-
iour to the region of normal dispersion). For disperse systems
with ng>nf it will lead to suppression of scattering with
increasing u,. To some extent, this effect is similar to the clas-
sical Christiansen effect (optical bleaching of two-phase dis-
perse systems in the spectral intervals corresponding to the
matching of the real parts of the refractive indices of different
phases), which is the basis of the theory and practice of syn-
thesis of dispersion spectral filters [19, 20].

In order to analyse the influence of these reasons on the
observed features of small-angle laser radiation scattering
(Fig. 2), we additionally measured n{, and n{’ as functions of
the concentration ¢ of rhodamine 6G in the host medium at 4,
= 532 nm. The dependence ny(c) was obtained with the help
of spectrophotometric measurements by the standard method
for sample of the host medium without scatterers. It should
be noted that the absorption maximum of the dye solution in
ethylene glycol, caused by the electronic transition Sy— S; of
the molecules of rhodamine 6G [21], corresponds to 1y ~
530 nm, i.e., when using a 532-nm laser radiation as a probe,
we can talk about its resonance absorption in the probed
medium. The dependence nj(c) was found from measure-
ments of the reflection coefficient at the host medium — free
space interface at normal incidence of the laser beam in accor-
dance with the method of [21]. The obtained dependences
ng’(¢) and ng(c) allow linear approximation with a high degree
of accuracy. In this case, the coefficients ony/0c and ony’ /0c at
Ao = 532 nm are equal to 16.7 and 0.364 L mol!, respectively.
The value of n ~ 1.448 measured in the absence of the dye
agrees well with data for ethylene glycol (1.45) from paper
[22]. For polystyrene, the value of nj ~ 1.599 was reported
in [22].

Using the values of n{(c = 0), on{/0c, ni'(c = 0), onf’/0c
and ny (at Ag = 532 nm) obtained in the experiment and taken
from [22], we estimated the effect of absorption of the host
medium and the dependence 7{(c) on the efficiency of scatter-
ing of polystyrene spheres in a ethylene glycol — rhodamine
6G mixture. It was found that, in accordance with a modified
Mie theory for dielectric spheres in an absorbing medium [18],
in the case of the disperse system under study, a decrease in
Q. even at the highest concentration of rhodamine in the
range of the used values of the dye concentration does not
exceed 4% of Qg, when ¢ = 0. Much more significant is the
effect of suppression of scattering in a disperse system at ny, —
n; (Christiansen effect). The analysis was carried out by
studying the dependence of Q. and of the scattering anisot-
ropy parameter g on ny at ny = 1.599 in the framework of the
Mie theory, the effect of n{” on Q,, and g being neglected.
This approach is associated with the concept of independence
of the radiation diffusion coefficient D of a randomly inho-
mogeneous medium, which is introduced within the frame-

work of the diffusion approximation of radiative transfer
theory [9], on the absorption coefficient of the medium
[23-25]. Based on a comparison of experimental data with
theoretical results obtained in the framework of this concept,
it was shown that such ideas can interpret the experimental
data with a higher accuracy compared with the classical diffu-
sion model of radiative transfer, considering D as a function
of u, [9, 26]. In this case, the absorption effect is taken into
account by representing the field scattered in the medium as a
superposition of partial components propagating along sta-
tistically independent paths of length s, and by introducing
the Bouguer factor exp(—u,s) for each component [27].

Figure 3 shows the theoretical dependences of the trans-
port characteristics of the investigated disperse system [the
scattering coefficient, i, = I;!; the transport scattering coeffi-
cient, u{ = (I*)™'; the scattering anisotropy parameter, g; and
the extinction coefficient, u, = u, + u, = (,,+ L)L) onng. Tt
should be noted that in our case there is a rather specific
regime of multiple small-angle forward scattering, character-
istic of disperse systems with a high scattering anisotropy: the
ratio of the cell thickness L to the scattering mean free path of
probe radiation in the medium is L/[; = Lu,>>1, while the
ratio of the cell thickness to the transport mean free path is
L/I" = (1 - g)Lug < 1. In our experiment, the value of L is
such that when the volume fraction of the scattering centres in
probing disperse systems is equal to 0.06 at 1, = 532 nm, there
occurs a transition between the diffusion regime of radiation
propagation and the regime of multiple small-angle forward
scattering. In the latter case, the detected optical signal exhib-
its mainly near-axis components, propagating due to scatter-
ing at small angles to the axis of the probe beam (in the
English literature such components called snake-like photons
or zigzag photons [28]). Despite the increase in n{” (and, con-
sequently, u,), the extinction length /, = u;' = (u, + u;)~" and
transport mean free path /* decrease with increasing ¢, which
leads to the experimentally observed increase in the average
intensity of forward-scattered radiation.

Statistic simulation of radiation transfer in these samples
made it possible to obtain the ratio of the average intensities
of the detected optical signal at the maximum and zero con-
centrations of rhodamine 6G, equal to (/). KI)e—o = 1.8.
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Figure 3. Theoretical dependences of the transport characteristics of
the studied disperse systems on the real part of the refractive index of
the host medium. The shading shows the range of n{, values used in our
experiment.
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This value is somewhat smaller (by about 25%) than that
obtained in the experiment (~2.4), which can be explained by
differences in the behaviour of the Henyey—Greenstein phase
function used in simulations [29] and the real phase function
of scatterers with g > 0.9, as well as by deviations of the
geometry of the experiment from the ideal geometry (in par-
ticular, small divergence of the probe beam). Nevertheless,
statistical simulation using data from Fig. 3 adequately
describes the experimentally observed behaviour of the inves-
tigated disperse system with increasing c.

The increasing role of the field components that are
unscattered and scattered a few times with increasing ny, also
leads to the experimentally observed pronounced speckle
modulation of the detected optical signal (Fig. 2). To analyse
the effect of nf;, on speckle modulation of the optical signal, we
introduced two parameters, i.e., Zand @. The parameter Z'is
the ratio of the number of unscattered (‘ballistic’) and scat-
tered (a few times) partial components of the radiation propa-
gating in a medium to the total number of partial compo-
nents:

g= fLL”})(s)ds/fp(s)ds,

where p(s) is the probability density of the optical paths of
partial components of the scattered field; L is the thickness of
the probed layer. As a criterion for selecting the components
scattered a few times, we selected the condition L<s< L + A,
i.e., we assumed that the main contribution to the speckle
modulation is made by the interfering partial components
propagating in a medium at a distance of the order of L with
an optical path difference no greater than A,,.

The parameter © is numerically equal to the product of
the scattering spot diameter at the exit boundary of the layer
upon its probing by a point source of collimated coherent
radiation by the doubled average value of the deviation angle
of the scattered field components coming out of the layer: @
= 2(0)(d) (see inset in Fig. 4). The physical meaning of this
parameter should be considered in more detail. As a result of
multiple scattering of the light field produced by a coherent
source with a & distribution of the amplitude at the input
boundary, the intensity distribution of scattered radiation
with a characteristic size {d) is formed at the exit boundary; at
each point of this region, the field amplitude is determined by
the superposition of partial components with random phase
values.

Thus, the scattering spot at the exit surface can be consid-
ered as an ensemble of phase-uncorrelated elementary sources
of the light field with a characteristic size (d). By analogy with
[30], where the criterion of interference pattern visibility from
an extended quasi-monochromatic source with a finite inter-
ference aperture is studied, we impose some restriction on the
parameter @: O <1,. In the case @ > 1, and E << 1, when the
detected optical signal mainly exhibits diffusely scattered
components with large path differences and large angles 6 of
deviation from the axis of the probe beam, a small-scale
speckle structure with the correlation radius of the order the
wavelength must be formed in the plane of the detector aper-
ture. At the finite size of the detector aperture, the detected
signal fluctuations are suppressed. An additional contribu-
tion to the suppression of the fluctuation component will be
made by depolarisation of multiply scattered laser light. In
contrast, in the case of ® < 45 and E ~ 1, the interference of
unscattered components and components with small values

of 6 and s ~ L will mainly contribute to the stochastic modu-
lation of the optical signal. Accordingly, in the detector plane
there will be formed relatively large-scale speckles with high
contrast [curves (2) and (3) in Fig. 2].

Figure 4 shows the theoretical dependences of @ and = on
ny, for the studied disperse system, obtained by statistical sim-
ulation of the probe radiation transfer. Restriction imposed
on the volume fraction of particles in the synthesis of disperse
systems in order to obtain the transport mean free path /* ~
(2+3)L made it possible to obtain the criterion © = 1, and to
pass from E << 1 to £ ~ 1 in the range of ¢ values used in our
the experiment. Qualitative agreement between experimental
results and simulation is evident (Figs 2 and 4).
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Figure 4. Dependences of the parameters @ and = for the studied dis-
perse system on the real part of the refractive index of the host medium
(the results of statistical simulation). The shading shows the range of ny,
values used in our experiment. The inset illustrates the principle of in-
troducing the parameter © for the scattering geometry used.

Analysis of the relationships between the parameter L/l*
and speckle contrasts measured in the experiment (Fig. 5)
suggests the existence of a correlation of these variables in the
region of transition between the two propagation regimes.
Note that in the case of probing by 633-nm radiation at a
maximum concentration of the dye, the value of /* was evalu-
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Figure 5. Relationship of speckle contrast a;/{I), observed in the image
plane of the medium—cell wall interface and the parameter L//" for the
studied disperse system at Ay = 532 (@) and 633 nm (o).
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ated using the Mie theory, based on the assumption that ny
for a solution of rhodamine 6G in ethylene glycol away from
the absorption maximum behaves similarly to n{ for this dye
in a different solvent (methanol [21]). Based on this assump-
tion, we can assume that the difference between 7, (¢ = ¢pay)
—ng (¢ = 0) at 4p = 633 nm is about 30%-35% from the cor-
responding value at Ay = 532 nm. The parameter L/~ 0.35
obtained using such approximate estimates for ¢ = 2.15 x
102 mol L! and 4, = 633 nm is in good agreement with the
L/I"=0.311 for ¢ = 7.05x 10* mol L' and 1, = 532 nm; in
this case, the experimentally measured speckle contrasts are
also similar (Figs 2 and 5).

4. Conclusions

Experimental studies and statistical simulation of the laser
radiation transport in the dye-saturated disperse systems have
shown that in the region of maximum absorption of the dye
different tendencies in the behaviour of absorption and scat-
tering coefficients of the disperse system with increasing dye
concentration are caused by the partial optical bleaching of
the system. This behaviour of the coefficients can be inter-
preted as a manifestation of Christiansen effect in dispersive
media with absorption. Competition between scattering and
absorption in these scattering systems can play an important
role in the case of the synthesis of laser media with a ran-
domly inhomogeneous structure, because the increase in the
volume fraction of the dye with a high quantum yield of fluo-
rescence will reduce the characteristic length of the amplifica-
tion of radiation in the medium [11]. On the other hand, the
effect discussed in this paper may lead to an increase in the
critical thickness of the medium, necessary to ensure the con-
ditions for generation, and to increase in the lasing threshold.

It should be noted that in case of saturation of the dye
with the resonant absorption by scatterers rather than by a
host medium, the increase in the dye concentration in the
material of the particles should exhibit the opposite effect,
corresponding to the trivial behaviour of the dispersive
medium (increase in extinction with increasing concentration
of the absorber).

Acknowledgements. The authors thank A.P. Sviridov and
V.N. Bagratashvili (Department of Advanced Laser
Technology, Institute on Laser and Information Technologies
of the Russian Academy of Sciences, Troitsk, Moscow region)
for valuable comments during discussions. This work was
supported by the Russian Foundation for Basic Research
(Grant Nos 09-02-01048a and 11-02-12112-0fi-m-2011).

References

1. Kuz’'min V.L., Romanov V.P. Usp. Fiz. Nauk, 166, 247 (1996).
2. Wolf P.-E., Maret G. Phys. Rev. Lett., 55,2696 (1985).
3. Van Albada M.P., Lagendijk A. Phys. Rev. Lett., 55,2692 (1985).
4. Letokhov V.S. Zh. Eksp. Teor. Fiz., 53, 1442 (1967) [ Sov. Phys.
JETP, 26, 835 (1968)].
John S., Pang G. Phys. Rev. A, 54, 3642 (1996).
6. Noginov M.A. Solid State Random Lasers (New York: Springer,
2005).
7. Noginov M.A., Zhu G., Fowlkes 1., Bahoura M. Laser Phys.
Lett., 1,291 (2004).
8. Gottardo S., Sapienza R., GarciaP.D., Blanco A., Wiersma D.S.,
Lopez C. Nat. Photonics, 2, 429 (2008).
9. Ishimaru A. Wave Propagation and Scattering in Random Media
(New York: Acad. Press, 1978; Moscow: Nauka, 1981).
10. Maret G., Wolf P.-E. Z. Phys. B, 65, 409 (1987).

4

11.
12.

13.

14.

15.

16.
17.

18.
19.

20.
22.
23.
24.
25.
26.
27.
28.

29.
30.

Wiersma D.S., Lagendijk A. Phys. Rev. E, 54, 4256 (1996).
Bohren C.F., Huffman D.R. Absorption and Scattering of Light by
Small Particles (New York: Wiley, 1983; Moscow: Mir, 1986).
El-Dardiry R.G.S., Lagendijk A. Appl. Phys. Lett., 98, 161106
(2011).

Friebel M., Roggan A., Muller G., Meinke M. J. Biomed. Opt.,
11, 034021 (2006).

Chen W.R., Adams R.L., Heaton S., et al. Cancer Lett., 85, 15
(1995).

Sudiarta I.W., Chylek I.W. J. Opt. Soc. Am. A, 18, 1275 (2001).
Mundy W.C., Roux J.A., Smith A.M. J. Opt. Soc. Am., 64, 1593
(1974).

Fu Q., Sun W. J. Quant. Spectr. Rad. Transfer, 100, 137 (2006).
Rozenberg G.V. Usp. Fiz. Nauk, 69, 57 (1959) [ Sov. Phys. Usp., 2,
666 (1960)].

Czerny, M., Roeder X. Usp. Fiz. Nauk, 15, 98 (1941).
Leupacher W., Penzkofer A. Appl. Opt., 23, 1554 (1984).
http://refractiveindex.info.

Furutsu K. J. Opt. Soc. Am. A, 14,267 (1997).

Furutsu K., Yamada Y. Phys. Rev. E, 50, 3634 (1994).

Bassani M., Martelli F., Zaccanti G., Contini D. Opt. Lett., 22,
853 (1997).

Arridge S.R., Cope M., Delpy D.T. Phys. Med. Biol., 37, 1531
(1992).

Zimnyakov D.A. Waves Random Complex Medium, 10, 417
(2000).

Farsiu S., Christofferson J., Eriksson B., Milanfar P.,
Friedlander B., Shakouri A., Nowak R. Appl. Opt., 46, 5805
(2007).

Henyey L.G., Greenstein J.L. Astrophys. J., 93, 70 (1941).
Mandel L., Wolf E. Optical Coherence and Quantum Optics
(Cambridge: Cambridge Univ. Press, 1995; Moscow: Nauka,
2000).



