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Multifractal structure and intermittency of laser-generated turbulence in nematic liquid crystals

V. Carbone, G. Cipparrone, C. Versace, C. Umeton, and R. Bartolino
Dipartimento di Fisica, Universitalella Calabria and Istituto Nazionale di Fisica per la Materia, 87100 Cosenza, Italy
(Received 19 July 1996

We study the chaotic dynamics which occurs in a nematic liquid crystal film during the director reorientation
induced by an intense optical field. We show the presence of intermittency in the fluctuations of the transmitted
light intensity polarized perpendicularly to the incident beam. The intermittency can safely be described by the
multifractal geometry, and, in this framework, we present a simple heuristic model for the phenomenon.
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The interaction of a nematic liquid crystdILC) with an  reorientation in liquid crystals, thus opening a way to a
intense optical field can exhibit different features dependingleeper understanding of the phenomenon.
on the experimental geometries used, i.e., the unperturbed Let us consider the time seri¢ét) of durationT in the
director orientatior{1], the light polarization, and the inci- chaotic regime, and let us divide the whole duration into
dence angle. This effect results in several oscillating diffracdisjoint subset§;CT of equal sizeAt. Then we can intro-
tion rings (which can be observed in the far field pattern of duce a probability measure through
the transmitted beanin two different geometrieg1) When

a circularly or elliptically polarized light beam acts on a ho- P (T ,|):J I(t)dt/le (t)dt, (1)
meotropically aligned NLC film at normal incidenf€]; and teT, 0

(2) when a linearly polarized light beam impinges on a ho- here the int Lin th tor | tended to the ti

meotropically aligned NLC film at a small incidence angle,\tl)v Iere . etm ﬁ\g_rtz?] n b etnumera;_:)r)ls exten et tg e L)mes
and the light polarization is perpendicular to the incidence elonging to theth Subset. Quan ! Yl represents the prob-
plane[8,9]. ability of occurrence of a givem(t) in a particular subset

In previous paperf9] we reported the characterization of Ti at the scaleAt, and is at the heart of our analysis. In

a very interesting dynamical behavior observed in the Iatter'iI ?‘?/At)}? E/'\II'?I) \s/f;c;\r/]veitthh(ka) oxmt()a ;iufroen ((;i;a rz];]l(tjl(lésA(E[()Tllt Iii
geometry, with a sample cell consisting in a thermally stabi at i : I o

” o £ > ‘worth noting some peculiarities of Fig(d which are not
lized (T=18°C film of E7. The dynamics of the molecular ,senapie in Fig. (), and which show the main difference
director have been tracked by instantaneously detec“”ﬁetweenln(t) and 1, (t). First of all, fluctuations behave

I (t) andl (t) that are the intensities of the two componentSsimijarly on different time scales. A peak in the curve calcu-
in the center of the outgoing beam polarized parallel andateq at highAt values tends to be resolved into two or more
perpendicular to the polarization of the incident beam. Theyeaks in the curve corresponding to smallérvalues. This
light intensities are detected by two photodiodes, the acevidence of scale invariance is typical of a fractal structure.
quired time series of duratioh=NA 7 consists of records of On the other hand, the bursting behavior exhibited by
N=16 384 points that are sampled at fixed time intervalS,,(T;,I,) on all time scales indicates that the system un-
A7=0.1 s. A more detailed description of the experimentaldergoes large fluctuations in a small time interval. In fact,
setup and procedures are reported in Regd$. In these pa- Fig. 1(b) shows the presence in the observed signal of re-
pers we described the dynamical behavior followed by thegions characterized by high intensity over small time inter-
system which, as the incident power is increased, undergoasils that are followed by regions of small intensity over large
an interesting route toward a state where the rings oscillatéime intervals. These trends indicate that fluctuations are in-
chaotically. termittent in time rather than homogeneous. We can also
In recent years another method has been introduced whigpbserve that fluctuations are asymmetric with respect to the
describes the fine structure of chaotic attractors in the phasgverage intensity, thus reflecting a tail in the distribution, and
space. It consists of determining the multifractal structure otinderlining that higher fluctuations are favored. Finally we
the attractor, if any existg2]. Multifractals has been intro- stress that fluctuations are larger on smaller scales. The in-
duced to describe processes where anomalous scaling lawgrmittency is less evident in Fig(d), where fluctuations of
are present. Among other main examples we include som8,(T;,l|) are still asymmetric, but the distribution tail is
chaotic system§g3], intermittent fluid flows[4,5], and astro- less important, and negative fluctuations are favored.
nomical systemg6]. For a review, see Ref.2]. In the The presence of a bursting structure in the densities is a
present paper we show that intermittency, leading to anomghenomenon which is common to intermittent processes, and
lous scaling laws, is present in the chaotic state observed ipan safely be described by multifractal geometry. In the mul-
our experiment, and that intermittency can be safely detifractal picture one introduces a set of singularities of
scribed by the multifractal geometry. Our results, which canstrengtha for the probability measur® ,(T; 1)~ (At/T)*
be interpreted in the light of a simple toy model, represent dthe symbol~ means that both sides of the equation have the
testing bench for a theoretical investigation of light inducedsame scaling layand then calculates the dimensibfw) of
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FIG. 1. Time behavior 0B,(l,t) calculated both fof; andl, for different time intervalsit.

the various isax sets. To emphasize the strongest spikes, wd® ;= «(q)/(q—1) [10], and to the multifractal functions

look for the scaling exponents(q) of all the moments
2 [Pad(Ti 1) ]9~ (AL/T)<@ @
I

(the sum is extended to all the subs&t$. The scaling ex-

(a,f) through the relationsf(a)=qa—(q—1)D, and
a=d/dq[(q—1)Dg] [2].

Through Eqgs(1) and(2) we extract a direct measurement
of «(q) from our experimental data, in the range
—10<q=<10. Curvesk(q), calculated both fod  (t) and
[4(t) in Eqg. (1), are reported in Fig. 2. We note that, while
the curve referring ta|(t) can be considered roughly linear

ponentsk(q) are related to the set of generalized dimensiongat least within the experimental accuracthe curve refer-
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k(q) amin=0.43, and represents the lder exponent correspond-

1+ ing to the largest singularity. Moreover the dynamics shows

regions of latent singularitiegl1] defined byf(a)<0 and

a>0. In our case this region occurs far<0.43 and

0 —poocoancennoonsnns samttttmng 0005000000 0e a=2.34. The condition of negative dimension, as shown by
S Mandelbrot, means that on average there is less than one box

S in a sample corresponding to these valuesrof-inally, to

-1 - . . characterize the intermittency, it is useful to introduce the

) intermittency exponent. as the rate of increase of the tails

y of the probability distribution function with respect to a

2 4 : Gaussian functiof12]. The exponeniu is closely related

‘ [5] to the scaling exponentsx(q) through u

= —[d?k(q)/dg?]4o. In our case the intermittency expo-

34 . nent holds almost highu=0.48+0.04, thus showing a

. strong intermittency. As a comparison, the intermittency ex-

1 . ponent in the measurement of the dissipated energy in ordi-

nary fluid flows[5] results to beu=0.26+0.03.

We would stress that, to our knowledge, our data analysis
1 represents the first experimental evidence of intermittency in
) the study of the NLC molecular director reorientation, which
T can be described by the multifractal geometry. Previous

4 3 2 -1 0 1 2 3 4 theoretical approaches to the problem at hand face only the
linear regime in the phenomenon, and are then inadequate to
q represent the richness we have found. In this sense our analy-
sis in terms of the probability measure on various scales
FIG. 2. Plot of the scaling exponer{(q) vs theqth power of  could open another way to a theoretical understanding of
Sat(l,t). Dark and white dots refer, respectively, Ito andl . molecular director reorientation. In fact, even if the phenom-
enon under examination is very complicated in our casg
ring tol, (t) is nonlinear, thus indicating that only the attrac- the gross features of the dynamical behavior can be achieved
tor of I, (t) presents a multifractal structure. Since we haveby simple models. Let us consider the following example
already studied the global structure of the attractors both fowhich is intended only to illustrate qualitatively how the in-
I (t) andl (t) [9], in the following we restrict our attention teraction between radiation and director fields can produce
to this last quantity. The multifractal structure bf(t) is  multifractal fluctuations of , . The optically induced reori-
described by the curvi{ @) given in Fig. 3. As is shown, the entation of the molecular director can be interpreted in terms
singularity spectrum assumes its maximum vafge)=1  of the exchange of the angular momentum and energy be-
when a(q=0)=1.17, say the singularity: that lies in the tween the radiation and the NLC. Let us denoteQiy) the
majority of the box is greater than 1. There are two charactandom time series involved in the physical process. Since
teristic points of the curvé(a), sayf(a=1)=0.97 (which  the phenomenon is in general nonlinear, we conjecture the
is the dimension of the set where all the singularities areexistence of a kind of not homogeneous “redistribution” of
located, and f(«)=a=D;=0.90 (which represents the di- Q(t) on different scales. This could be the source of inter-
mension of the set where the measure concentrates asymipittency, as it happens in fluid flows for the energy fl&}
totically for At—0). Both sets are almost space filling. The In fact if we introduce the subse® at the various scales

minimum value of @, which corresponds td(a)=0, is 7/T=2 "(n=0,1,2,...), the probability measure¥ (Q)
derived fromQ(t) can be described through the product of

n breakage coefficientsQy;<1,

fior)

1.0—:— n
E /\ V(=11 x.
0.8 / =1

\ By supposing that the multiplierg; have a unique probabil-
N\ ity distribution function P(y), and that multipliers at the
nth level are statistically independent of those at the previous

0.4

1 / level, the scaling exponenig q) of the various moments of
02 the probability measure can be immediately recognized to be
0.0

1 - ‘ ‘ K(q):—lan XqP(X)dX]-

02 04 06 0.8 1.0 1.2 14 1.6 1.8 2.0 22 24

This is the simplest form we can obtain for the scaling ex-
ponents(a more sophisticated approach can be done by re-
FIG. 3. The singularity spectruri(«) calculated for | . laxing the two assumptions we have mad&lthough there

o
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are several chances fé¥(x), the simplest reliable form is best-fit valugp=0.193+ 0.002, corresponding to a strong in-
given in terms of the sum of twé functions in which the termittent proces§5]. Then in spite of our ignorance about
breakage coefficient can assume only two valuessapd  Q(t), the simple model provides a good agreement. Obvi-
(1—p). Then one obtains the usualmodel ously this model, that is intended only to illustrate a suitable
approach to the problem, does not address the richest dy-
Dg=Iny[p9+(1-p)?)/(1-Qq).

namic process involved in the experimental situations. An
The parameter @ p<1 gives a measure of the nonhomoge_attempt to look for a more satisfactory model in such a per-
neity of the redistribution of the measure. Whes 3, the

spective is actually in progress and will be reported in a
process is not intermittent, andq) is linear inq. We have future paper.

made a fit of our data by this mod@iot shown herg ob-

taining a good agreement in the range8<q<3 for the

We are grateful to E. Santamato, G. Abbate, F. Simoni,
and N. V. Tabiryan for useful discussions.
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