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Simple optical feedback loop: Excitation waves and their mirror image
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The influence of feedback mechanisms on the spiral wave dynamics is analyzed both experimentally and
numerically. The image of a spiral wave is projecteg means of mirronson the photosensitive Belousov-
Zhabotinsky reaction in such a way that the spiral wave is forced to interact with its image. Larger reflected
light intensity means partial inhibition of the reaction and causes a spiral drift away from its ever-
accompanying mirror image. From the point of view of optics, this is a very simple feedback loop, and may
open a wide area of research, in view of the possibilities of varying geometry and introducing inhomogeneities.
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Waves in excitable media are prototypes of interdiscipli-neous within 10%. These deviations from homogeneity,
narity. Indeed, they behave analogously in macroscopitiowever, were not relevant sinde imposing a gradient
scales in systems that are microscopically quite differenttwice as large did not change observations, @jc change
chemical reaction§l-5|, flames[6], self-organizing organ- in the spiral chirality at the same illumination yielded axially
isms[7], cell surfaceq8], cell interior[9], nervous tissues symmetric dynamics. Recording was done with a vertical
[10], heart muscld11], and catalyst surfacd42]. Further- video camera via an interference filtét50.6 nm. Mirror
more, their computational capabilities make them suitableshiftsd (horizontal distances between the chemical wave and
for parallel image processind3—15, logic gate networks its image, as seen from the viewpoint of the camevare
[16], and pathfinding algorithmgL7]. For external control, adjusted by varying the orientation of the oblique mirror.
waves have been manipulated using electric fi¢l19, For calculations we used the Oregonator model, modified
light gradientq20], or mechanical actiof21]. We present a to include light-induced bromide producti¢f7]:
most simple way of manipulation: light sensitive waves on a
mirror are driven by their ever-accompanying mirror image.

Common to all excitable medig22-24 is that they can du 1 ) u—g v
support waves that retain their shape and amplitude by ex- 3t g\ Y~ Y _(fv+¢)m +Au, —=u-v.
tracting energy from the medium. These waves have an ex-
cited front running into the medium by virtue of diffusion-
triggered autocatalysis, leaving behind a nonexcitable regiony andv describe HBrQ@ and catalyst concentrations, agd
In an homogeneous medium, mostly circular and spiratepresents the light-induced flow of BrWe sete=0.02,
waves are obtained. q=0.002, andf =3. The mirror image was roughly approxi-

The medium investigated in this work is the Belousov-mated as follows: the regions in whieh>0.3 Upay (Unax:
Zhabotinsky(BZ) reaction, catalyzed by the ruthenium bipy- maximum ofu) were all shifted a distance; within these
ridyl complex Rubpy);” (see Refs[14] and [25]). Light  shifted regions we se$=0.03 (value optimized for best
induces the release of Brwhich decreases the velocity of agreement with measuremengsd ¢=0 elsewhere.
propagation. To avoid convection the catalyst was immobi- Figures 1a)—1(d) [respectively Figs. (&) and Xf)] exem-
lized in a silica-gel matrix in a Petri distgel thickness: 0.9 plify the observed(respectively simulatgdspiral drift. A
mm; preparation as in Ref26]). The solution(0.18 M more quantitative account of the observations is given in Fig.
NaBr, 0.33 M malonic acid, 0.39 M NaBgO and 0.69 2. For statistical assurance, 40 experiments were performed
MH,S0Oy; volume equal to that of the gelvas poured onto (five shift values times eight repetitionsf approximately
the gel(temperature=25*1 °C). White light, leaving hori- 2 h each, as summarized in FigaB Figure 3b) shows the
zontally from a 250-W halogen lamp, passed first a diffusivecorresponding results from simulations. Clearly, there is a
screen, and then was reflected by an obliquely placed mirrodrift velocity maximum for 6<d<\, and qualitative agree-
Then, the light reached the reagent, which was placed hanent between measurements and calculations. In contrast to
izontally on a plane silver mirroGlass thickness between the drift observed by parametric resonaft8], the present
reflecting surface and lower surface of the gel: 1.5 mm. Inresults do not depend on the initial spiral tip phase. The case
the absence of the silver mirror below, the light intensity ond=0 could not be measured directly because of difficulties in
the reagent surface was equal to 33 Wand was homoge- exact alignment of wave and image, but extrapolation in Fig.

3(a) seems to lead to the origin, thus indicating zero drift at
d=0 (as observed numerica)lyAt a shift lower than one

*Electronic address: uscfmapm@cesga.es. wavelength, we obtain a drift velocity perpendicular to the
TAuthor to whom correspondence should be addressed. Electronghift v, in the opposite direction in calculations. This, again,
address: markus@mpi-dortmund.mpg.de could not be confirmed in experiments because of excessive
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(e)

FIG. 1. (a)—(d): Experimen-
tally observed drift of a spiral
wave under the action of its mirror
image. The image lies upwards
and is faintly visible as a broaden-
ing of the lower and upper arcs of
the spiral: wavelength; 2.2 mm;
period 45 s; shift of the mirror im-
age; 0.4 mm; times: (a), 40 min
(b), 80 min.(c), 120 min.(d). (e),
(f): Calculations using the modi-
fied Oregonator model: times(@)
and 150 time unitgf): spiral pe-
riod, two time units; wavelength,
ten spatial units; image shift two
spatial units.

variance. The sign of, depends on the spiral chirality; all the wave runs into its image, while the growing velocity of
results presented in this work are for counterclockwise rotathe tip remains unaffected. Consequently, the core, and thus,
tion. the whole spiral moves mainly towards the south. This
Inspection of the behavior of the tip, both in experimentsmechanism is the opposite of phototaxis and thus different
and in calculations, renders the following explanation for thefrom the phenomenon observed in a light gradig2@];
drift. For the present conditions and without a mirror, the tipthere, drift occurs because the core radius is lafgespec-
moves circularly around the spiral core. Suppose now thdéively smalley as the tip moves to the lightérespectively
image shift lies towards the north of the wave and that thedarkep regions.
spiral rotates counterclockwise. Note that the highest re- The image-reagent pair described here is an optical feed-
flected light intensity(highest inhibition corresponds to the back loop in which the camera-monitor system is only used
image of the excited wave front because this front acts as tor recording, and is naofas in Ref[28]) a necessary optical
“window” between incident light and horizontal mirror. amplifier within the loop. Optical loops have been proposed
Note also that the image of the core is homogeneous anfdr image processing and optical computif@9,30. The
darker than the image of the front wave. As the tip passesimple loop presented here may be broadly extended by us-
through the north or south, the image shift is approximately
zero, having no significant effect. Also, there is no effect as
the tip passes the west, since the inhibitory image lies on the b
waveback. There is only an effect around the eastern position
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FIG. 2. Position of the spiral tip during the measured drift, rela-  FIG. 3. Ordinates: measured drift velocity components perpen-
tive to the initial tip position. These positions were obtained bydicularV, (uppe) and paralleV, (lower) to the mirror image shift;
mouse-clicking on stored images. The position components perpembscissa: image shifi relative to the wavelengti; error bars:
dicular (L) and parallel(l) to the mirror image shift are depicted. standard deviation obtained from eight repetitions of each experi-
The drift velocitiesV, andV, in Fig. 3 are obtained by fitting a ment(one of them being exemplified in Fig).2b) Drift simula-
straight line to the positions of the spiral tip shown here. tions[in spatial units(su) and time unitstu)].
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ing inhomogeneous, tilted or curved mirrors, or by interceptthat may have some influence on typical cardiac processes
ing other optically active materials. such as arrhythmias.

This simple mechanism can be used for understanding the
behaviors observed in more complex systems where feed-
back mechanisms take place. An example is the cardiac tis- We thank the Deutsche Forschungsgemeinsct@ifant
sue where formally the same kind of waves propagate. HerBlo. Ma 629/4-}, the “Comisia Interministerial de Ciencia
the propagation of an autowave induces a change in the elag-Tecnologa,” Spain (Project No. DGICYT(PB94-0623,
tic properties of the medium. On the other hand, the elastiand the German-Spanish “Acciones Integradas” exchange
properties of the medium influence the propagation of autoprogram(Contract Nos. Al96-39; HA95-196for financial
waves[31], This means that there exists a feedback processupport.
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