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Control of spatiotemporal chaos in catalytic
CO oxidation by laser-induced pacemakers
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Control of spatiotemporal chaos is achieved in the catalytic oxidation of CO on Pt(110)
by localized modification of the kinetic properties of the surface chemical reaction. In the
experiment, a small temperature heterogeneity is created on the surface by a focused laser
beam. This heterogeneity constitutes a pacemaker and starts to emit target waves. These
waves slowly entrain the medium and suppress the spatiotemporal chaos that is present in
the absence of control. We compare this experimental result with a numerical study of the
Krischer–Eiswirth–Ertl model for CO oxidation on Pt(110). We confirm the experimental
findings and identify regimes where complete and partial controls are possible.

Keywords: pattern formation; chaos control; reaction–diffusion systems
On

*A
1. Introduction

Besides regular wave patterns such as spiral or target waves, chemical reaction–
diffusion systems are known to show spatiotemporally chaotic dynamics, also called
chemical turbulence. Understanding spatiotemporal chaos has been a challenge for
many years. Inspired by the work of Ott et al. (1990), recent contributions in this
field have more and more focused on questions of chaos control.

A prototypical example of an experimental reaction–diffusion system is the
catalytic oxidation of CO on Pt(110). Different regimes of self-organization have
been studied in this system (Jakubith et al. 1990). Control of pattern formation
and spatiotemporal chaos was achieved by applying global delayed feedback
(Kim et al. 2001; Bertram et al. 2003a; Beta et al. 2003) as well as length-scale-
dependent coupling (Beta et al. 2004) and periodic forcing (Bertram et al. 2003b).
Many features of the experimentally observed dynamics under global control can
be explained in the general framework of the complex Ginzburg–Landau
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equation (Battogtokh & Mikhailov 1996; Beta & Mikhailov 2004). Recently, a
new technique was established to locally address the dynamics of this surface
chemical reaction by means of a focused laser beam (Wolff et al. 2001). This
approach opens up new perspectives for the application of local control schemes.

Control of spatiotemporal chaos can lead to different regular dynamical states.
One of the generic wave patterns in reaction–diffusion systems is the target
pattern, consisting of concentric waves that are periodically emitted by a
localized wave source called a pacemaker. Although stable pacemakers may
result from the interplay of nonlinear kinetics and diffusion (Stich et al. 2001),
most target patterns observed in experiments are due to small impurities such as
dust particles or surface defects. Such heterogeneous pacemakers have attracted
much interest (Stich & Mikhailov 2002, 2006) due to their presence in real
systems, although they do not provide access for active pattern control due to
their random appearance and unknown microscopic properties. Artificial
pacemakers, on the other hand, can be readily created through appropriate
localized modifications of the medium. For example, using the abovementioned
laser-based technique, localized heterogeneities can be artificially introduced and
studied in the CO oxidation system (Stich et al. 2004; Wolff et al. 2004). In the
present investigation, we apply this approach to control spatiotemporal chaos in
the CO oxidation reaction.
2. Experimental set-up and results

Experiments were performed in an ultrahigh-vacuum (UHV) chamber containing
a Pt(110) single-crystal sample of 10 mm in diameter. For sample preparation,
Ar-ion sputtering, oxygen treatment and annealing up to 900 K were used.
Adsorbate concentration patterns on the sample surface were imaged using
reflection–anisotropy microscopy (RAM; Rotermund et al. 1995). A schematic
experimental set-up is shown in figure 1.

The reaction proceeds via a Langmuir–Hinshelwood mechanism where both
oxygen and CO have to be adsorbed onto the catalytic surface before they can
form CO2 (Imbihl & Ertl 1995). In the experimental images shown here, dark
areas reflect a reactive catalytic surface with high concentrations of Oad, while on
the brighter areas COad dominates. Kinetic oscillations are induced by an
adsorbate-driven phase transition of the platinum surface between the non-
reconstructed 1!1 structure for CO-covered domains and a 1!2 missing row
structure for oxygen-covered areas (Imbihl & Ertl 1995). This structural
transition provides the optical contrast of our imaging method.

An Ar-ion laser was focused onto the crystal surface to a spot approximately
50 mm in diameter to induce localized temperature heterogeneity. The resulting
temperature profile is of almost Gaussian shape with a maximum temperature
increase of about 3 K for a laser power of 50 mW. Base temperature and partial
pressures were chosen so that the reaction was in the oscillatory regime showing
spatiotemporally chaotic dynamics.

In figure 2, the laser-induced initiation of a target pattern is shown. At tZ0 s,
the laser is moved to the position indicated by the white arrow in figure 2a, where
after 20 s a growing target pattern can be observed that covers almost 50% of the
Phil. Trans. R. Soc. A (2008)
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Figure 1. Schematic experimental set-up. Vertically pre-polarized light from the 488 nm line of an
Ar-ion laser is reflected onto the Pt sample by a polarizing beam splitter cube. The polarization of
the light reflected from the sample surface changes depending on surface reconstruction and
adsorbate coverage. The component of the reflected light, which is now polarized in a parallel
manner, is transmitted through the beam splitter and is used for the imaging of the crystal. Besides
the imaging laser, an additional Ar-ion laser (514 nm) can be focused onto the Pt surface and its
position can be adjusted via two computer-controlled galvanic mirrors. See also Qiao et al. (2006).
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imaged surface area after 160 s (figure 2b,c). Eventually, turbulence was
suppressed almost completely by the extending target pattern.

The local oscillation frequencies in the turbulent medium were measured and
compared with the oscillation frequency at the location of the laser spot
(figure 2d ). To obtain the frequency spectra, image regions of 10!10 pixels were
averaged at the indicated locations and their time-series were Fourier
transformed. The frequency in the centre of the target pattern is increased by
about 0.1 Hz with respect to the average frequency of the turbulent dynamics
outside the target pattern. This is due to the temperature increase at the location
of the laser spot (Wolff et al. 2004) and leads to the entrainment of the entire
medium in the course of time.

If the laser spotwasmoved to another position on the surface, a new target pattern
with the same frequency and wavelength appeared there after a latency period.
Phil. Trans. R. Soc. A (2008)
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Figure 2. Growth of a target pattern created with focused laser light. (a–c) Time sequence
snapshots and (d ) local frequency spectra at the locations indicated with white circles in (e). The
thick curve in (d ) corresponds to the spectrum at the location of the laser spot (marked with an
arrow in (a) and with a white square in (e)). Experimental parameters: pCOZ7.84!10K5 mbar,
pO2

Z1:84!10K4 mbar, T0Z538 K, PlaserZ53 mW.
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3. Model and simulations

In this section, we present results from a numerical study of a realistic reaction
model for the catalytic CO oxidation on Pt(110), the Krischer–Eiswirth–Ertl
(KEE) model (Krischer et al. 1992). It consists of a system of three coupled
partial differential equations,

vtu Z k1sCOpCOð1Ku3ÞK k 2uK k3uvCDV2u; ð3:1Þ
vtv Z k4pO2

½sO;1!1wCsO;1!2ð1KwÞ�ð1KuKvÞ2K k3uv and ð3:2Þ

vtw Z k5 1Cexp
u0Ku

du

� �h iK1
Kw

� �
; ð3:3Þ

where the variables u, v and w are normalized between 0 and 1 and represent the
CO coverage, the oxygen coverage and the fraction of the surface found in
the non-reconstructed 1!1 phase, respectively. Adsorption of CO and oxygen on
the catalyst surface, desorption and surface diffusion of CO, as well as the
reaction between the two adsorbed species are taken into account. Oxygen
desorption and diffusion are negligible for the considered temperature ranges.

The temperature dependence of the rate constants ofCOdesorption,COdiffusion,
surface reaction and surface structural phase transition is assumed to follow a simple
Arrhenius-type relation, kiZni expðKEi=kBTÞ. The impact of the laser on the
reaction is modelled by a local increase in surface temperature and thus affects the
Phil. Trans. R. Soc. A (2008)
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Figure 3. Chaos control induced by a local temperature shift. Target waves entrain completely (a) or
partially (b) the turbulent state. (a)DTZ0.2 K and sZ24 mm; (b)DTZ0.225 K and sZ12 mm. Shown
are space–time diagrams, where space runs along the vertical axis (LZ800 mm). The pacemaker
was switched on for 100 s (a) and 200 s (b) before the displayed time interval DtZ200 s. Shown is u
(black corresponds to low CO coverage). Model parameters: pCOZ4.46!10K5 mbar,
pO2

Z1:1!10K4 mbar, T0Z543.47 K, k1Z3:14!105 sK1 mbarK1, k2Zn2 expðKE2=kBTÞ with n2Z
2!1016 sK1 and E2Z38 kcal molK1, E2Z38 kcal molK1, k3Zn3 expðKE3=kBTÞ with n3Z3!106 sK1

and E3Z10 kcal molK1, k4Z5:86!105 sK1 mbarK1, k5Zn5 expðKE5=kBTÞ with n5Z1056:1 sK1 and
E5Z7 kcal molK1, sCOZ1.0, sO;1!1Z0:6, sO;1!2Z0:4, u0Z0.35 and duZ0.05,DZD0 expðKED=kBTÞ
with D0Z3:56!106 mm2 sK1 and EDZ12:3 kcal molK1.
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dynamics by locally changing the abovementioned rate constants. Therefore, a
stationary space-dependent temperature profile is introduced that shows a localized
temperature rise at the location of the laser, TZT0CDT exp½KðxK x0Þ2=ð2s2Þ�.
The centre of the profile is chosen to coincide with the centre of the medium.

The KEE model was integrated numerically on a one-dimensional spatial
domain using a forward Euler scheme and a nearest-neighbour representation of
the Laplacian operator. Periodic boundary conditions were used. The system
length is LZ800 mm, the grid length DxZ4 mm and the time step DtZ0.001 s.

The base temperature T0 and the partial pressures pO2
and pCO are chosen such

that a spatiotemporally chaotic state is observed. It is characterized by propagating
defects that form and annihilate in cascades, and is commonly denoted as
intermittent turbulence (Bertram & Mikhailov 2003). For the set of parameters
consideredhere, intermittent turbulence coexistswithuniformoscillations.However,
for sufficiently large system sizes, most initial conditions lead to chaotic behaviour.

In figure 3a, we show a space–time diagram that demonstrates the transformation
from the turbulent state to a target wave state due to a local temperature increase.
Waves are created at the temperature heterogeneity and propagate outwards.
Slowly, the waves suppress the turbulent regime, and the collision zone of the target
waves with the turbulent wave fragments moves outwards. Finally, the entire
medium is entrained by the pacemaker. In the state of control, the frequency of the
target waves is larger than the average frequency of the turbulent pattern. This is
typical for oscillatory media with positive dispersion where the pattern with the
highest frequency eventually dominates over the other patterns.

In order to explore the domain of control, we show a numerically derived control
diagram in figure 4a, where we keep the external parameters fixed and vary the
temperature shiftDT and the spot extension s of the temperature heterogeneity. For
Phil. Trans. R. Soc. A (2008)
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Figure 4. (a) Control diagram. Between and on the solid and dashed curves, stable target patterns
are found. For a given spot extension, the temperature was increased in 0.025 K steps and
simulations up to 1200 s were performed to check for asymptotic dynamics. (Usually, no
qualitative changes were observed for simulation times longer than 400 s.) (b) Wavelengths of the
stabilizing target waves for sZ4 mm (solid line) and sZ24 mm (dashed line). The wavelength
decreases for increasing temperature. Parameters are the same as given in figure legend 3.
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the values between the solid and the dashed curves (complete control ), we observe
the formation of an extending target pattern expelling the chaotic state as shown in
figure 3a. To the left of the solid curve, the spot is too small for creating target waves
that are able to suppress the turbulent dynamics. Between the dashed and the dotted
curves (partial control ), waves are emitted by the pacemaker but are unable to
entrain the medium completely. Towards very small spot sizes, the temperature
profile is not well resolved by the grid and the simulations are not conclusive.

Within the domains of control, the wavelength decreases with increasing
temperature shift for a given spot extension. This is shown for two examples in
figure 4b. Although for a small spot extension (solid line), larger temperatures are
necessary to control spatiotemporal chaos than for a large spot extension (dashed
line), the wavelengths of target waves that are able to suppress turbulence lie
within the same range, approximately between 55 and 90 mm. This demonstrates
that neither a specific temperature shift nor spot size is crucial to obtain control,
as long as the wavelength of the resulting target waves lies in a particular
efficient range. The upper boundary corresponds to the average distance between
two wave fragments present in the turbulent regime. The lower boundary is
related to the fact that a given oscillatory medium cannot support arbitrarily
short wavelengths. For systems close to a supercritical Hopf bifurcation, the
short-wavelength limit is determined by the so-called Eckhaus instability and
has been thoroughly studied for heterogeneous pacemakers in the context of the
complex Ginzburg–Landau equation (Stich & Mikhailov 2002, 2006).

As a consequence of this instability, waves with a wavelength shorter than a
critical threshold becomeunstable anddecay throughphase slips in a finite distance
from thewave source.As a result, a regime of short targetwaves is found close to the
pacemaker, while in the far field turbulence prevails. Such a pattern is shown in
figure 3b. In this case, the diameter of the target pattern is approximately 240 mm.
Thus, there is a region of partial control, where the target pattern entrains its
neighbourhood but is unable to control the entire medium. In this area, the
extension of the target patterndecreases from left to right for a given spot extension.

An important difference between complete and partial control is that the
behaviour of the system as the control force, that is the temperature
Phil. Trans. R. Soc. A (2008)
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heterogeneity, is switched off. While the target waves slowly transform into stable
uniform oscillations in the case of complete control, turbulence is recovered in the
whole medium in the case of partial control.

4. Discussion

In this work, we suppress chemical turbulence in an experimentally accessible
system, the catalytic CO oxidation onPt(110). A localized perturbationwas created
bydirectinga focused laser beamonto the catalyst surface.At the location of the laser
spot, the surface temperature was locally increased, leading to a rise in the frequency
of kinetic oscillations about 0.1 Hz. This frequency shift was sufficient to create
outward-travelling target waves that suppressed the initially turbulent state.

In earlier investigations (Stich et al. 2004; Wolff et al. 2004), it was found that
three different wave patterns could be generated by laser-induced temperature
heterogeneities. Depending on the choice of parameters, both outward- and
inward-travelling target patterns could be created, as well as a spatially confined
outward-travelling target pattern, related to the presence of global coupling
through the gas phase.

While the previous experimental study has been performed in a regime where
the unperturbed state of the system was characterized by uniform oscillations or
regular wave patterns, in this study the initial state of the system consisted of
chemical turbulence. Another difference is the imaging technique. Using RAM in
the set-up shown above, we were able to observe the temporal dynamics of the
reaction at the location of the laser spot.

Suppression of turbulence was also explored in the framework of the KEE
model for the CO oxidation on Pt(110). Since we focused on turbulent states,
gas-phase coupling could be neglected. In a series of simulations, the domain of
control was determined in the plane spanned by the parameters DT and s that
characterize the magnitude and spatial extension of the localized perturbation.
Here, two different regimes of control could be distinguished. The region of
complete control is characterized by a target pattern that entrains the whole
system, while for partial control—found for larger values of the frequency shift—
only a finite area with constant radius around the pacemaker is filled by target
waves. The main reason for control being lost is that high local frequencies are
unable to create propagating stable target waves.

With respect to the parameters for studying the model, uniform oscillations
and chemical turbulence were coexisting spatiotemporal solutions. If the laser
was switched off after target waves had entrained the medium, the system
relaxed to stable uniform oscillations in a phase diffusion scenario. If the
pacemaker was switched off before complete control was reached, spatiotemporal
chaos was recovered. This is in contrast to the situation reported in a recent
numerical study of the complex Ginzburg–Landau equation (Jiang et al. 2004),
in which uniform oscillations are unstable and turbulence is always recovered
when control is switched off.
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