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Abstract

Utilizing a focused laser beam manipulated through computer-controlled mirrors, and capable of “writing” spatiotemporal temperature
fields on a surface, we explore here the fundamental impact of localized spatiotemporal perturbations on a simple reaction—diffusion
system. Our two-dimensional model system is the low-pressure catalytic oxidation of CO on Pt(110), a reaction exhibiting well-understood
spatiotemporal patterns. In the simplest case the laser spot causes the ignition of a reaction wave by a single critical “kick” at a selected surfac
location. The cooperativeness between two |l@ohtritical perturbations separated in time and/or space is then explored. A temperature
heterogeneity moving along a line may ignite waves along its path, or can drag preexisting pulses. In the oscillatory region we find localized
beat patterns when the laser spot moves along a circle. The ratio between the underlying natural oscillation frequency and the forcing (circle
writing) frequency is important here. Finally we demonstrate how pulses, the basic building blocks of chemical patterns, can be modified,
guided, and erased and how the overall reaction rate can be increased through localized actuation. Computational studies supplement a
rationalize the experimental findings.
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1. Introduction In the case of single-crystal catalysts, spatially resolved
actuation can be implemented by manipulating laser light
) . ) . ) through computerized optics. Reaction conditions are lo-
Controlling the course of chemical reactions is a vital .4y ajtered through differential heating, thus creating spa-
component of chemical process industries for productiv- tistemporally addressable catalytic surfaces [3]. When the
ity and safety as well as environmental reasons (e.9., [1])- reactions under investigation exhibit pattern formation, this
Conceptually different approaches at various levels of com- gnaiigtemporal addressing of surface activity is a powerful
plexity are used to achieve this control. For homogeneously too] in altering open-loop system behavior. In our address-
Catalyzed reaCtionS glObal feedback iS often the methOd ab|e Cata'yst Work we have demonstrated hOW Cata'ytic
of choice [2]. Heterogeneously catalyzed reactions allow dynamics could be affected through this approach. Pulses
a more direct approach, especially with model systems in and fronts, the basic building blocks of chemical patterns,
which the educts are delivered via the gas phase and a singl&ould be formed, modified, guided, and erased through lo-
crystal is used as the catalytic surface. Since the surface ofcalized space/time actuation [3]. As the ultimate limit, even
the catalyst is two-dimensional, it is in some cases possiblereaction steps between individual surface species may be
through resolved spectroscopic/optical methods to gain lo- controlled by means of scanning tunneling microscopy [4,5].
cally resolved information and, at the same time, “talk back”  In more recent work we demonstrated that non-steady-
to the local dynamics of the reaction. Of course, real world state, spatiotemporally programmable operation can be used
heterogeneous catalysis occurs on high-surface-area mateto systematically improve the rate of a relatively simple
rials, which are not easily accessible for locally resolved catalytic reaction [6]. As sensing and actuation become
sensing and actuation. increasingly resolved in space and time, complicated spa-
tiotemporal operating policies become accessible. The ulti-
mate dream of optimal operation based on “finely resolved”
* Corresponding author. actuation and sensing is still precisely this, a dream, and the
E-mail address: rotermun@fhi-berlin.mpg.de (H.H. Rotermund). mathematics of such an enterprise are at least as complex
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as the technology of the sensing and actuation. Current ef-the edge or just outside of the viewing field of EMSI, in or-
forts focus on exploring the “simplest nontrivial” open- and der to ensure a constant average sample temperature.
closed-loop spatiotemporal policies.

This paper explores the manipulation of the reaction dy-
namics of CO oxidation on a Pt(110) single-crystal surface

using a folcused laser ?‘ystem cap'able of W”t'n?] spa- Many isothermal catalytic surface reactions have the po-
tiotemporal temperature heterogeneity pattems on the metaltential for exhibiting dynamic instabilities, including bista-

single-crystal catalyst. We start by investigating the simplest bility, excitability, and oscillatory behavior. Surface reac-

operation: the ignition of pulses or fronts by introducing ;g syally proceed via the Langmuir-Hinshelwood (L—H)
SUddﬁn local temperature jumps within ourhV|eW|ng field. echanism: i.e., all reactants have to adsorb onto the surface
We then progress to moving temperature heterogeneities, o reacting. Different site requirements for the adsorbing

?nd study the clreat|on r":‘s well as the dragging of pulses ory,qeq suffice to cause bistable behavior in some parameter
ronts. We conclude with experiments demonstrating direct, regimes [8]. For CO oxidation, CO requires just one ad-

deliberate interactions with the shape of pulses and with thesorption site, whereasCadsorbs dissociatively, needing at

overall reaction rate. While many of these results—both in |65t o adjacent adsorption sites. The bistability observed
experiments and in modeling—are new, we have also in-, co oxidation can thus be directly attributed to its L-H

cluded, for completeness, results obtained over the past tWopechanism. Oscillatory behavior or excitability, however,

years with appropriate references. Throughout the paper wergqires more than just different adsorption sites to occur.
include computational results supporting and rationalizing apn aqditional nonlinearity (feedback loop) must exist. Pos-

the experimental observations. sible mechanistic origins of this feedback are compiled in [9]
and an overview of different models describing surface reac-
tions is given in [10].

The mechanistic reaction—diffusion model capable of pre-
Experiments were performed in an ultra-high-vacuum dicting the oscillatory behavior of CO oxidation on Pt(110)
(UHV) chamber, equipped with a low-energy electron dif- i§ based on a surface phase transition., due to CO adsqrp-
fraction (LEED) system, Ar-ion sputtering, and sample heat- 0N [11]. The clean Pt(110) surface is reconstructed in

ing (from the back side) via a halogen lamp. A differentially @ Missing row state, exhibiting a 1 2 LEED pattern.
pumped quadrupole mass spectrometer was fitted to thefdsorption of 0.5 ML of CO WI|| lift the reconstruction
chamber. The 10-mm diameter Pt(110) single-crystal sampleCOMPpletely [12,13], and a bulk-like surface structure show-
was prepared by repeated cycles of-Asputtering and © ing a 1x 1 LEED pattern is esta.bllshed. Between 0.2 and
treatment at 570 K and subsequent annealing up to 1000 k.9-> ML CO coverage, the fraction of the>1 1 surface
Gas supplies for CO andQvere automated and stabilized, Ncreases monotonically. The fact that oxygen has a 50%
allowing controlled settings of the partial pressures of the higher sticking probability on the unreconstructed (ag com-
reactants within the UHV chamber. Adsorbate concentra- Paréd to the reconstructed>12) surface phase provides

tion patterns on the surface of the sample were imaged usingthe required additional feedback loop [14,15]. If the patrtial
ellipsomicroscopy for surface imaging (EMSI) [7]. The re- pressures for the reactants are chosen so that CO adsorbs be-

action proceeds via Q + COaq — COp, whereby, under yond a certain threshold onto the reconstructed surface, the

the experimental conditions chosen, dark areas in the imaged€su!ting lifting of this reconstruction will favor oxygen ad-

reflect enhanced concentrations of adsorbed oxygen atomsSorption accompanied by reactive consumption of the CO.

while on the brighter areas the adsorbed CO dominates. This establishes, under a'ppropriate con@itions, an oscillat-
To achieve local heating of the surface, the light of ing cycle. Thg reconstruction model [11] is descrlbeq below

an Ar-ion laser was focused onto a spot of diameter in more detail. The control parameters are thg partial pres-

about 50 um. Typical maximum temperature rises, at the sures 0f CO, @ and the crystal temperatUTe Wh'gh enters

center of the heating spot, were on the order of 10 K for via the rate constantsz_(desorpt|on),k3 (reac;'uon), _and_

1 W laser power. The initial local temperature rise occurs ks (surgace phase transition) throulgh Arrhenius activation:

within 5 ms. The temperature profile in general depends on ki = (k°); exp(—E/RT). The model is

the thickness of the sample and the duration of irradiation 5,

at one position. For our experiments the size of the temper- — = kusuPCO[l - (

ature inhomogeneity closely resembles the diameter of the

3. Modeling

2. Experimental setup

3
i) } — kot — kauv + V - (D, Vi),

Us

laser spot on the sample, as evidenced by infrared imaging. ov = kypo,[wsv1 + s02(1 — w)] (1_ w l) — kauv,
Computer-controlled galvanometer mirrors allow the posi- 97 Us s
tioning of the focused laser beam within 1 ms and a spatial w = ks(f () — w), (1)

precision of about 4 um at any point within the viewing field 97
(1.6 x 1.3 mn?) of EMSI. During all experiments reported whereu andv denote the surface coverage by CO and O,
here, the laser spot was kept permanently on the sample, atespectively, andv is the fraction of the surface area in the
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1 x 1 phase. The functioff («) in the equation fomw is an two heating points. Due to local differences of reflectivity
experimental fit to the rate of change of the surface structureand limitations of optics, however, no completely symmet-

and takes the following form for a Pt(110) surface: ric two-point experiments can easily be performed in our
0. u<02 system. For this case, we confine ourselves to simulations.
—ﬁm(bﬁ 1.0542 4 0.3u — 0.026), We dlgl'study experlmentally the coqperatlve effects between
fu) = subcritical perturbations at one point in space followed by
0.2<u <05, perturbations at different point in space. If we let the spa-
1, u>0.5. tial distance between successive laser kicks decrease and at
Note that in the equation for the oxygen coverageo the same time let the duration of each successive kick go to

desorption or diffusion term appears, since at moderate tem-Z€ro, we pass to the next complexity level: a heating curve
peratures (below 550 K) the binding energy for single O in space—time. For the simplest such curve, the laser spot
atoms on Pt(110) is too high to allow significant diffusion moves at constant speed on a straight line along the surface.
or desorption. We will also show experiments for curved laser paths: the
So far the temperature has been treated as one of thesimplest one is a circle drawn at constant angular velocity.
control parameters, uniformly constant in space and time. We will finish with a few examples of more complex curves,
Since we will use a local temperature field to affect the re- a small preview of the many avenues open for exploration.
action, we have to consider its shape. The heat balance on In our first study, the laser spot was initially moved from
the crystal surface including heat conduction, radiation, and the “waiting” position to the point of interest for a time
heating by the laser dictates the temperature profile. The heainterval r;. Then, depending on the type of experiment, it
generated from the reaction at these low pressures can bavas either directed to a second spot for timeor back to
estimated to be about 1 mW and can be therefore safelyits “waiting” position for a delay timey. From the waiting
neglected. Since the diffusivity of heat L0~ cm?/s) is position it either revisited the same first spot for a timer
much larger than that of the adsorbed carbon monoxide moved to a second spot for a time For each series of trials
(~10~8 cn?/s) under typical experimental conditions, the below, the CO partial pressure was kept constant. At 10 s
temperature field response time (milliseconds) is fast com- before the first laser movement, oxygen partial pressure was
pared to process characteristic times (seconds). For thataised suddenly from below 1@ mbar to its default value
reason we assume that a localized, “bump-shaped” temper-of 3 x 10~4 mbar.
ature field7T (x — xp) is instantaneously switched “on” and A sequence of images from a single-kick experiment at
“off” by moving the laser spot to and from the point of inter- a point are shown in Fig. 1. In the beginning the laser spot
estxo. For our qualitative modeling, single spot simulations sits in its waiting position outside the image and far enough
were radially symmetric, while two-spot simulations were away from the point of interest so that what happens in
one-dimensional in space. The same temperature profile waghe waiting position does not affect the kick experiment.
used in both. Qualitatively similar results were also obtained At 10 s after oxygen is let into the chamber, the laser
using Gaussian temperature profiles. spot jumps to the measurement point{ 0 s) and stays
at this position, indicated with an arrow in frame # 1, for
terit = 90 ms. Any briefer visit of the laser spot at this
point would besubcritical, and no reaction wave would be
Our work focuses on the application of systematically initiated. After the laser spot has returned to the waiting
chosen spatiotemporal forcing functions to a simple chem- position outside the image, within a second, an O island
ical reaction. We view those forcing functions as “structured can be seen to nucleate and grow at the measurement spot.
perturbations” in space and time, with the potential for fcrit depends strongly upon temperature and reactant partial
implementation of “designer noise” and experimental real- pressures. Fig. 2 illustrates thig: dependency on the partial
ization of stochastic partial differential equations (SPDEs) pressure of CO fco) for a constant partial pressure of
in a later study. The simplest structured perturbation is lo- po, = 3x 10~4 mbar. The experimental “noise” is estimated
calized in space as well as in time. It may be realized by to be about:3 ms.

4. Resultsand discussion

focusing the laser beam (heatingpaingle point (at a “pix- After determining the critical irradiation time for single-
el”) for a specified time-intervaht. The critical timeAr = visit ignition (¢¢rit), we studied combinations of two (sub-
ferit cOrresponds to the minimum excitation needed to ignite critical) laser shots#{ andt,) at the same point in space,
the system. At the next level of structure we still heae separated by a delay tingvarying between 0 and 150 ms at

pointin space, but now at more than one instant in time. This the waiting position. All results are scaled with the appropri-
permits the study of cooperative effects between various sub-atercit. The distance (in space and time) of these combined
critical perturbations by varying the duration of laser shots subcritical shots, along with the laser intensity, parameter-
and the time interval between them. The next step swapsizes our family of deterministic perturbations. In Fig. 3a we
time with space: we try to ignite pulses at two locations si- present experimental results for critical combinations of two
multaneously. Experimentally this would be possible by us- subcritical kicks for three time delays (50, 100, and 150 ms).
ing a beam splitter and then varying the distance between theThe diagonal represents “perfect memory” of the first kick.



J. Wolff et al. / Journal of Catalysis 216 (2003) 246—-256 249

Fig. 1. A sequence of snapshots showing a successful single-spot ignition experiment. 10 s before the start of the experiment oxygen partias peésstire
from below 10~/ mbar to 3x 10~4 mbar. The critical laser shot duration was 90 ms. The laser spot position during the shot is marked by the dark arrow in the
first frame. The pulse develops about 1 s after the laser has left the heating location. Experimental copgifiend 1074 mbar, pco=5.3 x 105 mbar,

T =473 K, laser poweLp =2 W, viewing area 8 x 1.1 mmé.

For small time delays the initial kick seems to be still well re- than 18 um the memory effect practically vanishes. Fig. 4b
membered, while with increasing delays this memory fades explores the relative importance of space and time in the co-
more and more. Simulations presented in Fig. 3b show com-operative effect: keeping a fixed distance of 13 pm, we now
parable trends. A set of data at decreased CO partial pressurgary the delay before kicking at the second spot. The loss of
is included in the simulations, showing slower memory loss. memory is now much more rapid than in single point exper-
This can be rationalized through the slower readsorption of iments. A delay of 100 ms is enough to practically suppress
CO from the gas phase, slowing down the “healing” of the cooperativeness.
first shot. As one might expect, if the first hit was close to critical, it
Similar cooperative effects can be achieved by vary- is the first point that “fires” assisted by the second subcritical

ing the spatial distance between two successive laser shotsshot. If the first hit was strongly subcritical, one expects (and
Fig. 4a displays the necessary duration of the second shofsees) the second point to “fire” upon heating. For a single
versus the duration of the first shot (each normalized by the set of conditions (a particular combinationmfandr,) we
single critical shot duration). The separate curves are mea-observed both points firing simultaneously. This transition
sured by changing systematically the distance of the two shotpetween first and second point firing for a special set of con-
centers in space. Obviously, the further apart the two points ditions was also observed computationally. Another compu-
are, the less cooperativeness is observed. For distances largestional observation—when the two points were relatively
close—was firing from the middle region between them.
Three sets of simulations along these lines are displayed in
Fig. 5. Fig. 5a shows the second spot firing just after the sec-
ond point on the surface has been heated by the laser. The
lower three curves (dash—dotted) depict the change of oxy-
gen coverage during the first hit (at= 0 um); the next four
lines (dashed) show the changes during the subsequent sec-
ond hit (atx = 50 um). All following curves (solid) show the
development after the heating is completed. Clearly the first
solid curve indicates the initiation of the pulsexat 50 um

50 55 0 length [um] 20 (the “second” point). Figs. 5b and 5¢ show simulations for
Poo [10° mbar] the two other observed cases: Fig. 5b analyzes the ignition of
Fig. 2. (a) The critical irradiation time to ignite a pulgg;; is plotted on asingle pulse in the mlddlle reglon between the t\_NO spots (at
a logarithmic scale for different partial pressures of CO. Toward smaller * = 0 pm and 40 pm), while Fig. 5¢ places the kicks 50 pm
CO partial pressures, pulses tend to ignite at intrinsic defects on the sur-apart, resulting in both points firing simultaneously.
face, which hinders the measurementgf;. Experimental cpnditions: In the bistable regime the laser shots initiate fronts rather
T = 469 K, po, =3 x 10~% mbar, Lp = 2 W. (b) Computational rep- 5 pulses under similar conditions. Experimentally, el-
resentation of the temporal development of the oxygen coverage during . . . . . .
a successful ignition experiment. The dash—dotted curves represent the“rJtlcal oxygen islands are initiated, and finally “switch”
O profile when the laser heats the surfacerat 0. The actual pulse  the surface from the CO-poisoned, unreactive state to the
develops here (as in the experimentijer the heating of the spot has  reactive one. We have studied experimentally the cooper-
stopped (solid curves). The dashed curve shows the CO coverage thatativeness of subcritical shots in initiating fronts [16], and
corresponds to the last solid O curve: the pulse is now completely devel- . . .
oped. Computational parametefS— 5355 K, peo = 4.95 x 10-5 mbar. explored.co.mputatlonally the cgoperatlveness pf two s_|mul—
po, = 2 x 10-4 mbar, heating time 550 ms. The maximum temperature t2N€OUS in time, but separated in space, shots in this bistable
rise in the middle is 3.5 K. regime also.
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Fig. 3. (a) The critical second-kick duratiap (normalized by the single-kick critical timgyj;) required to ignite a pulse, as a function of the duration
of the first subcritical kickyq, is plotted for three delay intervals between kicks (during which the laser is far away from the measurement point). The
longer the laser waits before revisiting the preheated spot, the more the sample has “forgotten” its first visit. Experimental cpdiity®sw, T = 475 K,

pco=4.2x 1075 mbar, po, = 3 x 10~% mbar. (b) Computational parametefs:= 5355 K, pco = 4.95x 10> mbar, po, = 1.33x 104 mbar, maximum
temperature rise in the middle of the sgol’ = 3.5 K.

The cooperativeness of two single laser shots in spaceover time. For small values of the laser spot had to hit each
and time having been investigated, the next step towardof the points several times before any ignition would occur.
higher forcing function complexity is to repeatedly hit the During these experiments a pulse would emerge within the
two points under investigation. In the following experiments first two seconds after the start of the repetitive kicking
the heating continuously alternated between the two pointsof the points, or no wave formation could be observed at
in space, always with the same duration, thaf is 7. There all. Due to the repetitive nature of the experiment and the
was no time delay between kicks, the distance betweenslightly wider laser spot profile (ca. 80 pum) the cooperative
the points was fixed, and only the kick duration was effect could now be observed even at larger distances. For
systematically varied for each fixed distance. The results of times smaller than 0.8%,;; cooperativeness seems to be
these experiments are shown in Fig. 6, where the distanceconstant and confined to roughly a distance of one laser
of the two spots is plotted versus normalized byrgt. If spot radius, similarly to the single-hit experiments presented
we were to hit two practically overlapping spots only once, above. However, for larger laser residence times, close to the
the minimum timer; = r, required to ignite a pulse would single-shot critical time, cooperativeness was observed for
be 0.5#it. By heating the two separated points over and larger distances, up to about twice the laser spot radius.
over again, it now becomes possible to ignite the medium at  We now proceed to use a single spatially coherent but
even smaller; = 2, as the effect of the heating accumulates temporally mobile, steadily moving, temperature hetero-

a 10+ b 1,0
0.8 0,8
0.6 0,6

-‘E =
S 04- S?‘ 0,4
0.2 0,2
0.0

0,0-
0,0 0,2 0,4 0,6 0,8 1,0

t/t

1 “erit

Fig. 4. (a)r2, the critical heating time required to ignite a pulse when visiting a second point, at a distance from the original heating point affahe1601]
direction (slow CO diffusion), where the laser just spent tineThe larger the distance between the two points, the less “memory” of the first hit is retained.
(b) Keeping a fixed distance (13 pm) between the two heated spots (same direction), we vary the delay time between the heating events. Cooperativeness

practically lost for waiting times exceeding about 100 ms. Experimental conditions for Betu66 K, pco = 4.9 x 10~ mbar, Po, =3 x 10~4 mbar,
Lp=2W.
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Fig. 5. Computational profiles of the development of oxygen coverages for different conditions. Dash—dotted (resp. dotted, solid) linesspnisatdnd,
post-) heating periods. (a) Development during the first laser hita® pm, followed by a second laser hitat 50 pm. The solid lines show the development
after both laser hits. The pulse develops towards the end of the second heating event (last dotted curve). In (b) the pulse develops betweesdipoints, heat
40 um apart, while in (c) two distinct pulses develop, one at each heating point. Computational parameters foraiiiess K, pco = 4.95x 10> mbar,

po, =2x 10~4 mbar, laser width 90 um. Maximum temperature rise for (a) and (c) was 3.5 K, for (b) 5 K.

geneity. By drawing this temperature line we will, depending for three different laser movement directions: along the
on the speed of the laser spot movement and the laser power;110] direction (corresponding to fast CO diffusion), along
continuously generate pulses, partially generate some, or nothe [00]] direction, and along an intermediate direction.
ignite any pulses at all. A sequence of images representa-Starting from the 1W results, it appears that the influence
tive of partial creation of pulses is presented in Fig. 7. In of direction for the first transition (between continuous
frame # 1 the laser spot rests near the lower left corner of and partial ignition) becomes more pronounced as the
the image and starts to create a target pattern. The spot idaser power—and with it the actual speeds of laser motion
then moved across the surface toward the upper right cor-across the surface—increases. For 1W laser power the laser
ner at 0.75 mryis and partially ignites waves along its path movement direction across the surface has no visible effect:
(frame # 2 and frame # 3). In frame # 4 the laser spot has al-the three curves are practically identical. Increasing the laser
ready returned to its resting position. The “missing links” of power causes increasingly pronounced variations. It appears
frame # 2 and frame # 3 along the laser path have been covthat the second transition (between partial ignition and no
ered with oxygen by now. At slightly higher laser speeds no ignition) is hardly influenced at all by anisotropy.
oxygen waves would be visible; at slower speeds a continu-  Instead of pulse generation by a single laser spot move-
ous “oxygen line” would be drawn. ment, one could try to use a laser line segment of defined

A systematic compilation of line experiments performed length and width, and generate pulses by sweeping this line
with laser powers between 1 and 4 W is presented in Fig. 8. segment along the surface. Experiments of this nature are un-
Two transition regions are plotted: one is the transition derway. Experimentally, it is easier to “approximate” such a
between the continuous generation (ignition) of waves and temperature heterogeneity by combining a steady movement
partial generation, while in the next column the transition of the laser spot with a transverse oscillation along a short
is between partial ignition and “no ignition.” The laser line segment. Depending on the oscillation speed of the laser
spot speeds vary between 0.2 and 55 fandepending  spot between the edges of this segment, and its relation to the
on laser power and which transition is investigated. The steady average transverse speed, substantially different im-
effect of anisotropy is also visible in this figure. Transition ages can result. Two sets of snapshots for slightly different
boundaries are plotted as a function of CO partial pressurecases are shown in Fig. 9.

Up to this point we have used the laser spot to ignite

1000 waves along its path. If the intensity of the laser is reduced,
5 so that it is incapable of generating fronts or pulses,
8 800
3
2 600
2
=
ic |
£ 400
£
é 20.0]

00 02 04 06 08 10
t/t,

Fig. 6. Repeatedly heating two alternating points at fixed distances. The
maximum distance for which a pulse is eventually generated is plotted for
different residence timeg, = #, of the laser at each point (normalized  Fig. 7. Partial ignition by a moving laser spot. Image siz&x 0.8 mn?.
to forit). The line is an exponential fit that acts as a guide to the Experimental conditions:7 = 493 K, pco = 6.4 x 107° mbar,
eye. Experimental conditionsT = 455 K, pco = 4.6 x 1072 mbar, po, =3.0x 10~4 mbar. The laser movement direction was aboltft af
Lp=15W. [110] (corresponding to fast CO-diffusion).
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Fig. 8. The left column shows the maximum laser speed for which continuous ignition is observed for four distinct laser powers (1-4 W). For higher speed
ignition is interrupted at least at one point in space. The right column shows the partial ignition boundary: the maximum laser speed for whish at at lea
one point on the path a pulse is ignited (again for the same four laser powers). For both columns the laser path was chosen along three directions: fa:
diffusion direction (open circles), slow diffusion direction (black squares) and an intermediate direction (gray triangles). Experimetbalsc@ngi 495 K,

PO, =3 X 10~4 mbar, pco marked on the abscissas.

a different kind of experiment can be performed. We have snapshots. The black arrow indicates the position of the
studied extensively this dragging of reaction waves [17]. To laser spot. As soon as a pulse appears, the spot is moved
achieve “gentle” dragging the laser power was reduced to into its path. In frame # 3 the pulse reached the spot,

1 W, and the laser was used to drpgeexisting reaction

which we then start to move at a constant speed, 79%

waves that had spontaneously formed on the surface. Wherhigher than the natural pulse speed. Complete pulse dragging
a steady pulse was formed, the laser spot was placed closensues. In a subsequent experiment, but at a laser speed 98%
to it, and then dragged it along a straight line with constant faster than the natural pulse speed, the dragging persists for
speed slightly higher than the natural wave speed. Thisabout 10 s. Then the pulse detaches from the laser spot,
is illustrated in Fig. 10, showing several pulse dragging and relaxes to its original shape and speed. Fig. 11 shows a
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Fig. 9. Snapshots showing two experiments where the laser spot is moved back and forth between two points transversely to a steady average progressior
(a) The laser moves with a speed of 15 pisnbetween the two endpoints. Pulse ignition appears to occur only at the endpoints of the transverse movement.
(b) The laser moves with a speed of only 1.5 pismPulse generation occurs constantly, but because the oscillatory horizontal laser speed is of the order

of the vertical speed a “snake” is being drawn. Image size6s<0L.1 mn?. Vertical dragging speed: 0.6 mis Experimental conditions’ = 495 K,

pco=T7.0 x 10~° mbar, po, = 3.0 x 10~4 mbar.

17485821 02,85/14 1785131 02 85,14 4858 37 82,-85/14

Y7 e51 43 g2/,85/14 17485148 B2,85/14

Fig. 10. Snapshots @ x 1.1 mn?) showing the dragging of a preexisting pulse by a “low-strength” temperature heterogeneity, incapable of igniting
the medium by itself. The dragging direction was about W [110] (corresponding to fast CO-diffusion). Experimental conditioffis= 456 K,
pco =39 x 107 mbar, po, = 3.0 x 10~ mbar.
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Fig. 11. Taken from [17]: Experimental (a) and computed (b) dependence of the leading angle of the dragged pulse on the dragging speed (normalized with
natural pulse speed and A, the distance of laser spot and tip of pulse). Experimental corilio#56 K, pco = 3.9 x 1075 mbar, po, =3.0x 10~4 mbar.
The dragging direction was aboutL6ff [110] (corresponding to fast CO-diffusion). The angle is marked by white lines (a) in.the 0.4 mn? insets.

Computational parameters:= 540 K, pco = 4.52x 10> mbar, pg, = 1.33x 104 mbar, andDco = 1 pn /s, 180x 60 un? domain; boundary conditions
periodic inx and no flux iny.
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Fig. 12. The laser draws two concentric circular paths with diameters 1.1 and 0.5 mm, respectively, marked by white lines (thicker in the firspolsgey. A
captured between the two circles and is forced to move around the ring. Experimental congigipas3 x 10~4 mbar, pco = 5.1 x 10> mbar,T = 479 K

(taken with permission from [3]).
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Fig. 13. (a) Snapshot that shows a phase jump (at about 11 o’clock for this particular experiment). The laser has a rotation frequency of aboute3.2 Hz, wh
the background oscillates at about 1.8 Hz.x(b) plot taken just outside of and parallel to the laser path. The phase jump is clearly visible at the bottom of the
x— plot. Experimental conditionsf' =554 K, pco =1 x 10~% mbar, po, = 3 x 10~ mbar.
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Fig. 14. (a) Three snapshots, assembled into a single image, illustrating the three-fold symmetry observed during a circle drawing laser Ekpdoiigant

spots appear one after the other in succession. The laser draws the circle clockwise. (b) Correspormatidaken just outside, and parallel to, the laser’s

path in the counterclockwise direction. The inset shows an enlargement of one of the disturbances. The bright area extending into the darkeregion of th
homogeneous oscillation corresponds to one of the bright areas in (a). Experimental confiitioh$6 K, pco =9 x 107> mbar, po, = 3 x 10~4 mbar,

Lp=3W.

Fig. 15. A computer mouse is used to guide the laser spot on the sample surface. Through differential local heating it removes CO waves, and returns th
sample at those locations to the reactive state. Experimental conditiggs: 3 x 10~ mbar, pco = 7 x 10~° mbar,T = 505 K. Image size: 7 x 1 mn?.
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Fig. 16. CQ production rate enhancement versus (a) scanning speed and (b) stépT&ieescanning path is depicted in (c). In (a) the step size is 150 pm; in
(b) the speed is 5.5 mf8. pco = 10.1 x 10~ mbar, po, = 3 x 10~4 mbar,T =516 K.

compilation of these experiments and compares them with ing corresponding slices from three individual images. The
simulations. Fig. 11a shows the change of dragged pulsex—t plot, taken just outside and parallel to the circular path
“cone angle” with the dragging speed. This angle varies drawn by the laser, shows that the three disturbances precess
between 15and 10. Higher dragging speeds, and therefore slowly around the circle. The ratio of the frequency of the
smaller angles, lead to eventual detachment and loss ofhomogeneous background oscillation to the circle-drawing
the pulse. Computer-assisted modeling was used to analyzdrequency was slightly below 3:1. The inset in ther plot
the dragging phenomenon. Fig. 11b and its insets showshows an enlargement of one of the disturbances. A single
a bifurcation diagram with respect to the dragging/natural bright area of the assembled snapshot (a) corresponds to the
speed ratio. The last inset shows an unstable dragged pulséright region penetrating inside the dark of the homogeneous
and a thin “tether” connecting its tip with the dragging oscillation in the inset of (b). There, the global oscillation is
heterogeneity, suggestive of pulse detachment. momentarily delayed, giving rise to the observed pattern.
We continue increasing the “forcing function complex- Up to this point we have discussed local perturbations
ity” by guiding the laser spot along a circle at constant generated by fairly simple movements of a laser spot, along
angular velocity. In the excitable regime this can be used to either straight lines with steady speeds, or with constant
guide pulses along a circular path by laser-drawing two con- angular velocity around circles. In the last part of this paper,
centric circles as shown in Fig. 12. All pulses external to the the laser spot velocity is no longer restricted: it can change
drawn circular corridor are kept out, while the pulse trapped in direction and value at the will of the experimenter. To
inside the corridor cannot leave it. Using this technique, itis illustrate these somewhat erratic-looking motions, Fig. 15
conceptually possible to “deliver” a chemical species from displays eight snapshots taken at time intervals of 0.5 s,
the area where it was created to any other part of the surfacewhere the laser spot is utilized by the operator via direct real-
where it might be involved in a different reaction. time mouse control to erase CO pulses on the surface. The
Leaving the excitable regime, we now study the effect of goal here is to annihilate as many CO pulses as possible.
laser heating under oscillatory conditions. Our spatiotem- All brighter areas are CO covered, and even a fast moving
poral laser forcing is in the form of a single, constantly laser spot will erase them. Since an area covered by CO is
redrawn, circle. Depending on the ratio between rotation fre- catalytically inactive, “cleaning off” the CO will increase the
guency and the frequency of the underlying homogeneousreaction rate. In a straightforward experiment it has been
reaction oscillations, several distinct phenomena have beenshown that indeed the reaction rate can be increased by
observed. Figs. 13 and 14 show representative experimentasimply moving the laser back and forth across a mainly CO-
shapshots. The first example shows a phase jump occurringcovered surface [6]. Under constant operating conditions,
at about 11 o’clock. To analyze a long sequence of imagesthe laser spot scanning path could be tuned to optimize the
(e.g., avideo), profiles along a line of interest are taken from production rate of C@ This rate was directly measured
each consecutive image. They are then plotted versus timewith a differentially pumped quadrupole mass spectrometer.
in a so-called space—timer{¢) diagram. Since the forc- By performing a linear scanning as shown in Fig. 16c the
ing is along a circle, we show our data not along straight rate enhancement is found to depend on the speed and the
lines cutting through this circle, but parallel to—and just step size,d. The exploration of this dependence toward
outside—the circular path drawn by the laser. In this case maximizing the CQ production rate revealed optimum
(Fig. 13b) thex— plot clearly shows the phase jump at a values for scanning speed as well as for step size (see
single location along the path, indicated by the black arrow. Figs. 16a, 16b).
In Fig. 14 a threefold symmetry observed in another experi-  In a Gedankenexperiment one could think about improv-
ment is artificially displayed. Three consecutive appearancesing the selectivity of a more complicated reaction. Look-
of a bright region are assembled into one image by tak- ing again at Fig. 15, imagine that it displays intermediate
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