
substrate. This compares favorably with what 
would be expected as a result of the strong 
nonlinearity of the van der Waals potential, as 
can be seen by comparison with the simula- 
tion in Fig. 4C (30).  The qualitative agree- 
ment is obvious. 

An interestmg question as to the spatial 
distnbution of the holes arises from Fig 4 At 
this stage of dewetting, the distnbution appears 
to be quite random, similar to what is obsewed 
in the standard rupture scenario of polymer 
films ( 6 )  Does the correlation of the vallej 
positions manifest itself noticeablj 111 coirela- 
tions of the hole positions, such that it is pos- 
sible to distinklish the mechanism simply by 
analysis of their spatial distribution? The two- 
point correlation function of the hole positions 
does not reveal a significant difference between 
the spatial distribution of the holes in the gold 
film and those nucleated heterogeneously in a 
polymer film ( 6 )  However. by using the more 
elegant method of the so-called Minko\vslu 
measures, a clearer distinction becomes possi- 
ble. Let us consider the centers of the holes in a 
film as an ensemble of pomts in the plane On 
each point. let us put a clrcular disk. each with 
the same iadius i ,  \\ ith its center on that point 
h o ~  let us consider the set defined as the set 
union of all disks This is a complicated object 
\\hose geometncal plopelties depend on i. It is 
no\\ useful to consider the morphological Min- 
kowslu measures of this object its area. its 
bounda~y length, and its Euler charactenstic 
(Fig 5 )  (31) It turns out that these q~~antities. 
which ale readily evaluated on a computei, a e  
ve13 sensitiL e to spatial correlations in the dis- 
tr~bution of the mitial ensemble of polnts 

In Fig 5, we plotted these three quantities 
as a f~~nc t ion  of the disk iadius, r They are 
represented in a llornlalized form, such that 
the filnctiollal dependellces for a pmely ran- 
dom ensemble become simple Aside from 
certain de~iations in the boundary length 
( C  "), which can be attributed to the finiteness 
of the ensemble, the holes in the polylnei film 
show good agreement with the predicted val- 
ues for a purely random ensemble. In con- 
trast. the data obtained with the gold film 
show substantial deviations. These data can 
be construed as confirming that the holes 
obsewed in the gold film are not generated by 
a random process such as heterogeneous nu- 
cleation, as the correlations in the hole posi- 
tions are clearly visible by the strong devia- 
tion from the solid lines. They have formed 
instead froin the valleys of the unstable un- 
dulation, which provides the observed corre- 
lation. However. the presence of the correlation 
in the spatial distribution of the hole positions 
demonstrates. in klm. that even though the ap- 
pearance of the ensemble of holes may seem 
random at first glance, it lnhented the specific 
correlations imposed by the spinodal process 
and may be identified by suitable methods such 
as the Minkowslu measures. 
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Control of Chemical Reactions 
by Feedback-Optimized 

Phase-Shaped Femtosecond 
Laser Pulses 

A. Assion, T. Baumert,* M. Bergt, T. Brixner, 6. Kiefer, 
V. Seyfried, M. Strehle, G. Gerber 

Tailored femtosecond laser pulses from a computer-controlled pulse shaperr 
were used to  optimize the branching ratios of different organometallic 
photodissociation reaction channels. The optimization procedure is based on 
the feedback from reaction product quantities in a learning evolutionary 
algorithm that iteratively improves the phase of the applied femtosecond 
laser pulse. In the case of CpFe(CO),Cl, it is shown that two different 
bond-cleaving reactions can be selected, resulting in chemically different 
products. At least in this case, the method works automatically and finds 
optimal solutions without previous knowledge of the molecular system and 
the experimental environment. 

'CIThen lasers were invented they were consid- 
ered the ideal tool for microscopic control of 
chemical reactions, that is, selective cleavage 
or formation of chemical bonds ( I .  2). By 
exactly tuning the monochromatic laser light 

Physikalisches Institut, Universitat Wurzburg, A m  Hu- 
bland, 97074 Wurzburg, Germany. 

*Present address: Deutsches Zentrum fur  Luft- und 
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accolding to the local mode fiequencj of a 
specific chemical bond. it was thought that 
enough eilelgy could be deposited in this 
specific mode to cause selectir e bond bieak- 
age ( 3 )  In most expeliments, however, selec- 
ti\ ity is lost because of rapid intiamolecular 
energj ledistiibutioi~ ( I )  Several contlol 
schemes have been ploposed that make use of 
the cohelent nature of lase1 ladlation Known 
as "coherent contiol," these schemes access 
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the broad range of quantum interference ef- 
fects. Brumer and Shapiro (4), for example, 
showed theoretically that in a quantum me- 
chanical system simultaneous one- and three- 
photon excitation can lead to constructive or 
destructive interference of different reaction 
pathways, depending on the relative phase of 
the light waves. Experimental realizations 
have been carried out on atomic and small 
molecular systems (5). A somewhat different 
control scheme makes use of the rapid 
progress in ultrashort laser pulse technology. 
For example, Tannor, Kosloff, and Rice (6) 
suggested a "pump-dump" technique, which 
has been realized experimentally by several 
groups (7). 

Both types of control schemes are based on 
a limited number of optimization parameters: 
the phase difference between the two lasers and 
the time delay between the pump and dump 
laser pulses, respectively. In more complex sys- 
tems these parameters may not be sufficient. 
Shi, Woody, and Rabitz (8) proposed that in 
order to reach a specific reaction channel, the 
electric field of the laser pulse should be spe- 
cifically designed and fitted to the molecule, 
such that the amplitudes of the different inter- 
fering vibrational modes add up in a given bond 
some time after the photoabsorption, causing its 
breakage. To calculate the electric fields of 
these control schemes, "optimal control theory" 
has been used (9). In this approach, an "objec- 
tive functional," consisting of the specific prod- 
uct yield in a chemical reaction, is maximized 
with respect to the electric field by solving 
Schrijdinger's equation. This iterative opti- 
mum-seeking process has been theoretically ap- 
plied to small model systems. For chemically 
relevant large molecules, however, this ap- 
proach fails because molecular potential energy 
surfaces are not known accurately enough. 
Moreover, it has proved to be extremely diffi- 
cult to generate the complex laser fields exactly 

I A l l  

( &k& Molecular beam 

Fig. 1. Schematic experimental setup. Fem- 
tosecond laser pulses are modified in a com- 
puter-controlled pulse shaper. Ionic frag- 
ments from molecular photodissociation are 
recorded with a reflectron TOF mass spec- 
trometer. This signal is used directly as feed- 
back in the controlling evolutionary comput- 
er algorithm to optimize the branching ratios 
of photochemical reactions. 

as demanded by the theory. 
Judson and Rabitz (10) introduced an idea 

for directly including the experimental output 
in the optimization procedure. A suitable al- 
gorithm forms an ultrashort laser pulse, uses 
the desired output as feedback in a learning 
algorithm, and iteratively improves the ap- 
plied laser field, thus letting the system itself 
solve its Schrodinger equation in real-time 
without any approximations, under the con- 
straints set by the laboratory conditions. Evo- 
lutionary algorithms (1 0, 11) and simulated 
annealing algorithms (12) were suggested to 
serve this purpose. Some implementations 
have been demonstrated for automated fem- 
tosecond pulse compression (13, 14) and op- 
timized electronic population transfer in a 
dye molecule (15). In a recent article the field 
of laser control of chemical reactions has 
been reviewed (1 6). 

Here we report an experimental realiza- 
tion of the automated optimization of coher- 
ent control of independent chemical reaction 
channels. We use a computer-controlled fem- 
tosecond laser pulse shaper together with an 
evolutionary algorithm and feedback from 
the femtosecond laser-driven photodissocia- 
tion reaction output. Observing directly the 
product yields, it is possible to achieve an 
optimization without having to deal with the 
electronic population transfer within the par- 
ent molecule. Reaction pathway branching 
ratios of different organometallic molecules 
are either maximized or minimized automat- 
ically, without any knowledge of the specific 
molecular Hamiltonian. 

The femtosecond laser system used in our 
experiments is capable of producing pulses 
with a duration of 80 fs and an energy of 1 mJ, 
at a center wavelength of 800 nm and a repeti- 
tion rate of 1 kHz. The pulses are modified in a 
pulse shaper based on the design of Weiner et 
al. (17), which is set up as a zero dispersion 
compressor (18) with a liquid crystal spatial 

Fig. 2. Relative Fe(CO), photodissociation 
product yields. The yields are derived from 
the relative peak heights of the mass spectra. 
The ratio of Fe(CO),+/Fe+ is maximized (sol- 
id blocks) as well as minimized (open blocks) 
by the optimization algorithm, yielding sig- 
nificantly different abundances of Fe+ and 
Fe(CO),+ in the two cases. The peak heights 
of all other masses [FeCO+ up to Fe(CO),+] 
have not been included in the optimization 
procedure. 

light modulator (SLM) in its Fourier plane. The 
SLM contains 128 rectangular pixels whose 
refractive indices can be changed separately by 
applying specific voltages. In this way different 
optical path lengths can be introduced to the 
spatially separated spectral components of the 
laser pulse, resulting in a shift of the relative 
phases. The emerging pulses are then focused 
into a high-vacuum chamber where they inter- 
act with a molecular beam of the educt mole- 
cules, leading to different multiphoton ioniza- 
tion and fragmentation processes. The ionic 
products are detected with a reflectron time-of- 
flight (TOF) mass spectrometer (19) from 
which the product yields can be fed directly into 
the controlling computer algorithm through 
boxcar averagers (Fig. 1). 

We use an evolutionary algorithm (20) to 
optimize the spectral phase of the femtosecond 
laser pulses. The "genetic configuration" of a 
single individual corresponds to the SLM pixel 
voltage encodings. An "individual's fitness" is 
set equal to the measured branching ratio of the 
two competing reaction channels, that is, to the 
ratio of the respective ion signals. The "envi- 
ronmental adaptation" is found in the shaped 
laser pulse's capability of producing the desired 
experimental output. In the course of the evo- 
lutionary process, the reaction product in the 
numerator is favored at the cost of the reaction 
product in the denominator, because in each 
generation only the fittest individuals are select- 
ed for reproduction. A detailed description of 
our implementation of an evolutionary algo- 
rithm is given elsewhere (13). The algorithm 
automatically finds the best configuration for 
the SLM under the given laboratory conditions, 
no matter how complicated the molecular re- 
sponse may be. Laser and molecular beam den- 
sity fluctuations, as well as different input pulse 
shapes, are automatically accounted for because 
experimental changes simply favor different 
pulse-shaper configurations. The algorithm 
works directly with the voltage encodings and 
not with anv kind of exvansion of the vhase 
function. Therefore, there is no need to calibrate 
the SLM. 

Organometallic molecules are widely used 
as photocatalysts in many organic reactions 
(21). Another application is found in microelec- 
tronics, where complete photodissociation of 
these compounds is essential for thin ultrapure 
metal film growth on surfaces (22). Microscop- 
ic control of their different fragmentation reac- 
tions could open up new applications. We have 
chosen to perform experiments on two sample 
substances: Fe(CO), (iron pentacarbonyl, CAS 
[13463-40-61) and CpFe(CO),Cl (dicar- 
bonylchloro(q5-cyclopentadienyl)iron, CAS 
[12 107-04-91). 

The experiments on the well-studied 
Fe(CO), molecule are carried out primarily to 
test our-method for self-learning coherent con- 
trol. We have shown previously (23) that ab- 
sorption of 800-nm femtosecond laser radiation 
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induces different multiphoton ionization and 
fragmentation processes of this molecule, de- 
pending on the pulse duration. Direct ionization 
of the parent molecule occurs efficiently with 
ultrashort laser pulses of less than 100-fs dura- 
tion. A more complex process consists of com- 
bined ionization and fragmentation in which the 
parent molecule loses not only an electron but 
also from one up to all five of its carbonyl 
ligands. Complete dissociation is predominant- 
ly initiated by long laser pulses of several pico- 
seconds duration. 

'The branching ratio of two different exit 
channels [Fe(CO),+ and Fe+] was used as 
feedback signal in the automatic coherent con- 
trol optimization scheme. Maximization is 
achieved within 30 generations of the evolu- 
tionary algorithm, yielding the product distribu- 
tion of Fig. 2 (solid blocks). The result of this 
optimization is a very short (bandwidth-limited) 
laser pulse. If, on the other hand, we choose to 
minimize the Fe(CO),+/Fe+ ratio, that is, to 
maximize the inverse, an optimum is found 
almost immediately, after only very few gener- 
ations (Fig. 2, open blocks). This optimization 
leads to a long laser pulse of picosecond dura- 
tion. Several possible optimum pulse shapes (of 
picosecond pulse duration) are found by the 
algorithm that all yield the relative product 
distribution of Fig. 2 (open blocks). The indi- 
vidual mass peak heights depend on the exper- 
imental conditions, that is, the molecular beam 
density, the laser focus size, and so on, but the 
relative abundance of the undissociated 
Fe(CO),+ in the minimization experiment is 
always significantly smaller than in the maxi- 
mization experiment, and the relative abun- 
dance of the bare Fe+ is simultaneously in- 
creased. The abundances of the other fragments 
were not included in the feedback signal. One 
can therefore not expect them to vanish or even 
to behave in any predictable way. Although 
some physical conclusions may still be drawn 
out of those proportions, our main objective 
was to control the Fe(CO),+/Fe+ ratio. The 
results are in complete agreement with previous 
experiments of pure pulse-length variation (23), 
indicating that the combination of our experi- 
mental methods with evolutionary optimization 
works well. The total photofragment yield in 
the minimization experiment is 10 times small- 
er than in the maximization experiment because 
the multiphoton-induced photodissociation is 
initiated by a long picosecond pulse with much 
lower laser intensity. However, the difference 
in fragment yield ratios Fe(CO),+/Fef by a 
factor of about 70 in the two experiments is not 
a mere intensity effect, because the Fe(CO),+/ 
Fe+ ratio increases if the femtosecond laser 
beam intensity is lowered by attenuation at 
constant pulse duration (23). 

In another experiment we examined the 
more complex molecule CpFe(CO),Cl, which 
incorporates different types of chemical metal- 
ligand bonds (Fe-CO, Fe-Cp, and Fe-Cl). One 

possible fragmentation channel of this molecule 
results in CpFeCOClt, by cleavage of one of 
the Fe-CO bonds: Another reaction channel 
leads to the FeCl' product where both carbonyl 
ligands as well as the Cp ligand have been 
removed. These two reaction pathways were 
the target of the coherent control optimization 
scheme. Other selections are also possible, but 
we wanted to explicitly demonstrate automated 
coherent control on products that are chemical- 
ly different from each other and from the parent 
molecule. There are also some practical consid- 
erations in the selection of the target products, 
one of which is their absolute mass peak height. 

The evolutionary algorithm was first used to 
maximize the CpFeCOCl+/FeCl+ branching 
ratio (Fig. 3, solid blocks). In contrast to the 
Fe(CO), example, the corresponding laser 
pulse is not bandwidth-limited. Its interferomet- 
ric autocorrelation (Fig. 4A) reveals a complex 
structure. In the CpFeCOCl+/FeCl' minimiza- 
tion procedure, a significantly different product 

distribution is obtained (Fig. 3, open blocks). 
The branching ratio has dropped from 4.9 in the 
maximization experiment to 1.2 in the minimi- 
zation experiment, and the resulting laser pulse 
shape has evidently changed (Fig. 4B). In an 
additional experiment we used an ultrashort 
(bandwidth-limited) laser pulse (Fig. 4C) and 
compared the CpFeCOCl+/FeCl+ ratio with 
those h m  the optimized laser pulses. The ratio 
in this case is only 2.4, proving that in the 
complex CpFe(CO),Cl molecule (with differ- 
ent types of chemical bonds), simple band- 
width-limited laser pulses are not the best pos- 
sible solution to the given problem. Arbitrarily 
shaped long laser pulses of picosecond duration 
do not yield an optimum ratio either. 

Because our pulse shaper modulates only 
spectral phases and not amplitudes, the evolu- 
tionary algorithm produces optimized laser 
pulse shapes for a given pulse energy and for a 
given spectral intensity distribution. The fact 
that indeed the spectral optical phase and not 

Fig. 3. Relative CpFe(CO),CI photodissociation 
product yields. Starting from the parent mole- -50 
cule, two different bond-breaking reactions are 
chosen that lead to chemically different final p40 
products. Their branching ratio. CpFeCOCI+/ 
FeCI', is maximized (solid blocks) as well as 530 
minimized (open blocks) by the optimization - 
algorithm, yielding significantly different abun- 2 20 
dances of CpFeCOCIf and FeCI' in the two lo cases. The peak heights of the other fragments 
[Fe+ (56). CpFef (121), CpFeCI+ (156). 
CpFe(CO),+ (177)] and of the parent molecule O 56 91 121 156 177 184 212 
CpFe(CO),CI+ (212) have not been included in Mass (amu) 
the feedback signal. 

Fig. 4. lnterferometric laser pulse 
autocorrelations. Second-order 
interferometric autocorrelation, 
C1(7) = $ [E(t - T) + E(t)I4 dt, 
where E(t) IS the time-dependent 
real electric field, has been used 
to characterize the laser pulse 
shapes. Autocorrelations, which 
are always symmetric with re- 
spect to time, are shown for the 
CpFeCOCI+/FeCI+ maximization 
(A) and the minimization exper- 
iment (8). The product branching 
ratios are indicated by the figure 
inset blocks. The ratio obtained 
with a bandwidth-limited laser 
pulse (C) is inferior to the results 
obtained with the optimized 
pulses (A and B). Parts of the 
interferometric signals are 
shown in additional insets. One 
oscillation corresponds to the 
frequency of 800-nm laser radi- 
ation. The pulse-shape differenc- 
es are clearly visible. 
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the pulse intensit). is responsible for the optimi- 
zation results can also be seen from the follow- 
ing argument. In the maximization as well as in 
the minimization experiment, the increased 
pulse duration leads to a reduced laser pulse 
intensity in the time domain as compared with 
the bandwidth-limited laser pulse. But in one 
case this reduction leads to a maximization. and 
in the other case it leads to a minimization, of 
the desired product branching ratio. It is there- 
fore not possible to obtain the same or similar 
results by a trivial intensity reduction. Although 
it is not certain that the algoi-itlml has found the 
global optimum, significant control behveen the 
bvo reaction challnels was achieved. which can- 
not be obtained by a trivial adjustment of the 
laser pulse length or the laser pulse intensity. 

The results demonstrate autonlated coher- 
ent control of photodissociation reactions 
with tailored femtosecond laser pulses from a 
computer-controlled pulse shaper. No infor- 
mation about the sample substance is needed 
in the optimization procedure. which always 
started with colnpletely random genetic con- 
figurations. By directly optimizing different 
final product yields of bond-breaking reac- 
tions, we achieve a qualitative change from 
electronic population manipulation toward 
direct control of different reaction channels. 
The experiments reported here represent a 
step toward synthesizing chemical substances 
with higher efficiencies while at the same 
time reducing unwanted by-products. 
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The Effect of Alumina on the 
Electrical Conductivity of 

Silicate Perovskite 
Yousheng Xu," Catherine McCammon, Brent T .  Poe 

Measurements of the electrical conductivity of silicate perovskite at 25 giga- 
pascals and 1400" to 1600°C show that the conductivity of (Mg,Fe)SiO, pe- 
rovskite containing 2.89 weight percent Al,O, is about 3.5 times greater than 
that of aluminum-free (Mgo,,,5Feo,o,5)Si03 perovskite. The conduction mech- 
anism in perovskite between 1400" and 1600°C is most likely by polarons, 
because Mossbauer studies show that the aluminum-bearing perovskite has 
about 3.5 times the amount of Fe3- as the aluminum-free sample. A conduc- 
tivity-depth profile from 660 to  2900 kilometers based on aluminum-bearing 
perovskite is consistent with geophysical models. 

The lower mantle consists predominantly of 
(Mg,Fe)SiO, perovslcite coexisting with about 
20% (Mg.Fe)O by volume. Al~unin~un is a 
minor element in the lower mantle, and it main- 
ly goes into the perovsltite phase ( I ) .  The par- 
titioning of Fe and Mg between pe- 
rovslate and magnesiox~ustite is strongly cou- 
pled to A120, concentration (2), and the pro- 
portion of Fe3 + in perovsltite may increase 
greatly if perovsltite contains a small alnount of 
41,0, (3). If the conduction mechanism for 
perovskite is electron hopping from Fe2' to 
Fe3+ (4), the electrical conductivity of pe- 

rovskite should depend on the concentra- 
tion of Fe3' and is thus sensitive to substi- 
tution of 41,0, into perovskite. Here, we 
evaluate this notion using in situ electrical 
conductivity measurements of perovskite at 
lower mantle conditions. 

The starting lnaterials for coexpei-iments 
were two polyclystalline pyroxene samples 
with similar Fe/(Fe + Mg) ratios: San Carlos 
(Mgo 9,2Feo ,,,)Si03 01-thopyroxene containing 
2.89% A120, by weight and an Al-fkee synthet- 
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ic orthopyroxene, (Mg ,,,,, Feo,o,,)SiO,. The 
samples were first transformed to perovslcite at 
25 GPa and 1600°C in a multianvil apparatus 
and then prepared as disks for in situ complex 
impedance spectroscopy in subsequent experi- 
ments at 25 GPa and 1400" to 1600°C (5) .  

Fig. 1. Electrical conductivity of perovskite as a 
function of reciprocal temperature at 25 GPa. 
Squares and inverted triangles are for Al-bear- 
ing perovskite H826 and H858, respectively, 
and diamonds and circles are for Al-free pe- 
rovskite H852 and H862, respectively. Closed 
symbols refer to the first heating and cooling 
cycle and open symbols refer to the second 
heating and cooling cycle. 
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