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Controlling the Femtochemistry of Fe(CO)
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We report on active control of the femtosecond photodissociation and ionization reactions of iron pentacarbonyl,
Fe(CO}, in the gas phase. The spectral phase of femtosecond laser pulses is modified in a pulse shaper,
employing a learning evolutionary algorithm. Direct feedback from the experiment is used to iteratively improve
the laser pulse shape according to a given optimization problem. This many-parameter optimization is compared
with one-parameter control schemes and found to be more versatile, because it can sample a much more
general search space. Information about the underlying reaction mechanism can be extracted from the results
of the automated optimization. It is further shown that second-harmonic generation (SHG) can be used at the
output of a 800 nm pulse shaper to implement 400 nm excitation experiments. The optimization procedure
not simply increases the SHG efficiency but optimizes the objective given for the combined system of SHG
and Fe(CQ) photochemistry. The importance of the choice of fitness function is examined experimentally.
By choosing appropriate weighting factors, it is possible to tune the optimization results from an optimization
of the ratio of photoproduct yields toward optimization of the absolute photoproduct yields. Evolutionary
laser pulse shaping is considered a very useful tool for unraveling the processes of photoinduced chemical
reactions.

1. Introduction is reached. Since no knowledge about the molecular Hamiltonian
or the experimental environment is required but rather the com-

tail%?ggjr(;glrr;?ot:eec%l:\tgol?see(r)f Zr;:g]s'cigl ;e;gggzt?g Spgféf'(;"’::lglveputer algorithm solves the optimization problem, this concept
P g persp may be called “automated coherent control”. The usefulness of

\rllvirrll(:h hfatshrecerltlynbgco?e eipirlrneatarlllyr/]:eaigg; Trrl1ebbeg|n- evolutionary algorithms as optimization algorithms has been
sumgrsngrize?jsaoscfgllgwscol t?/i{fs chho(;(\?n Etzhiorgtci)cally g;‘ Brt?mer demonstrated in the case of automated femtosecond pulse com-
and Shapirty ¢ that by e.xciting a quantum-mechanical system pressiort 27 Wilson and c_o-worke?§ h_ave been the f_|rst o

ith oh lated conti | it ible to obtain" 'S¢ automated pulse shaping to optimize the electronic popula-
with phase-related continuous-wave 1asers It 1S possile 1o 0blaiN;,, yransfer in a dye molecule. We have recently realized auto-
constructive or destructive quantum interference for specific mated coherent control of chemical reactidh optimizing
Eeacé'frr:]ggglwzy;t daet%igdmger%néz%rgittl:/;[ggaosr? g{;?ﬁclazﬁ';final product yields in the photodissociation reactions of two

Xperl zatl W ' different organometallic molecules. Tailored femtosecond laser

i 0
small molecullar systerﬁsf’. Tannor, Kosloff, and .R'.éél pulses were also used to control two-photon transitions in cesium
suggested a time-domain approach, where the variation of thegas31

delay between two ultrashort laser pulses is exploited in a id li hemical ion d ics by |
“pump—dump scheme”. This has also been realized experi- B_es_l es controlling chemical reaction dynamics by laser
radiation, it is a major issue to understand the fundamental

mentally by several grougd-14 A new approach was made by ;
Rabitz and co-worket&1who proposed to use optimal control ~ PrOcesses thg molecular system undergoes during gnd after the
theory to specifically design ultrashort laser pulses for control Interaction with the shaped laser pulses. One possible method

purposes. Molecular vibrational wavepackets should thus be of_inv_estigation_ might b(_a to carry out a whole series of opti-

prepared and “steered” into the desired exit chahfiél mization experiments with varying parameters such as wave-
Experiments with linearly chirped laser pulses have shown !ength, pu_lse energy, f|t_ness funct|_or_1, etc. and to try to f”?d out
promising resultd8-22 However, calculating the electric fields if the;e different experiments exhibit common fe_atures_ in the
for a given control problem is quite a complicated task, experimental output such as the product branching ratios, the

especially since potential energy surfaces of complex molecuIesde\’mpprner‘t of the fitness value during the optimization, the
are usually not known accurately enough. resulting laser pulse shape, and so on. We illustrate some of

Judson and Rab#Ztherefore introduced the idea to directly these |ssues. on.the exgmple of _|ron pentacarbonyl, F%(C_O)

include the experimental output in the optimization procedure  The organization of this paper is as follows. Section 2 briefly

of the electric field. Femtosecond laser pulses, modified by a Sketches the experimental setup and describes the pulse shaper.

pulse shaping device, are used to excite the molecular system.'” section 3, we review the possibilities of one-parameter laser

The individual yields of the resulting photoproducts are then control in terms of wavelength, pumjprobe delay, pulse

used as feedback in a learning algorithm which iteratively €nergy, and pulse duration. Particularly, we show that the

improves the shape of the applied laser pulses until an optimumF€(CO} dissociation reaction cannot be described as simply
“intensity-dependent”, because different types of intensity

* Corresponding author. Fax+49-931-888-4906. E-mail: gerber@physik. ~ Variation lead to completely opposite behavior. In section 4,
uni-wuerzburg.de. our implementation of the evolutionary algorithm is described,

10.1021/jp992541k CCC: $18.00 © 1999 American Chemical Society
Published on Web 11/03/1999




10382 J. Phys. Chem. A, Vol. 103, No. 49, 1999 Bergt et al.

Evolutionary setup we achieve an energy throughput of 68%. The output
_Algoriten Laser beam pulses are used either directly or after subsequent second-
3 Eagl \ harmonic generation (SHG) where the fundamental has been
’7 ' removed afterwards. Of course it would be preferable to directly
Ciaas £ phase-shape the 400 nm laser pulses. This is difficult with the
function =T present LCD, however, because at a wavelength of 400 nm the
absqrption of light by the liquid-crystal molecules is no longer
| E—| negligible.

The Fe(COy molecules are investigated in the gas phase by
employing a molecular beam apparatus with a reflectron time-
of-flight (TOF) mass spectrometét. All mass spectra are
obtained by focusing the modulated laser pulses into the
interaction region with a 300 mm quartz lens. In the automated
coherent control experiments, a computer algorithm uses the

Figure 1. Experimental setup. Femtosecond laser pulses are modified mass spectra as feedback in a learning algorithm as described

in a pulse shaper and optionally frequency-doubled. After interaction IN Section 4.

with a molecular beam of Fe(C@ a high-vacuum chamber, the ionic Following 800 or 400 nm femtosecond pulse excitation in
photoproduct yields are detected with a reflectron time-of-flight (TOF) the gas phase, Fe(C£3hows different ionization and frag-
mass spectrometer and used as feedback in an evolutionary computementation processés.Direct ionization leads to Fe(C¢)
algorithm. The laser pulse shape and therefore the product yield is hereas combined ionization and fragmentation leads to Fe-
optimized iteratively, according to a specific fitness function. (COM*, n=0, 1, 2, 3, 4. In this paper, we concentrate on the
competing processes of direct ionization, yielding Fe( Q)
and complete dissociation, leaving only the bare.Feor the
sake of simplicity, we omit the+" signs throughout the text
new results obtained with a slightly different fitness function. and_usg the term “Fe(C@e ratio” to describe the quotient of
We describe how for this specific molecule, the dynamics of the ionic mass signals Fe(C9)and Fe.

the fundamental reaction mechanism can be inferred from the
optimization results (the so-called “problem of inversion”).
Further on, we show that it is possible to use second-harmonic  Hijstorically, one of the first control parameters introduced
generation (SHG) between the pulse shaper and the moleculagyas the wavelength. Indeed, in the early days of mode-selective
phase-shaped laser pulses. The algorithm not simply optimizes|ight according to the “mode frequency” of a chemical bond,
SHG efficiency but instead finds solutions optimal to the gglective dissociation could be achievé&d Although in most

combined system of SHG and photodissociation processes. ltcases selectivity is lost because of intramolecular vibrational
is possible to adjust the balance between optimization of the redistribution (IVR)14! the excitation wavelength plays an

desired branching ratio and maximization of the total (absolute) |mp0rtant role also in coherent control experiments with

fragment yield by a suitable choice of weighting parameters in femtosecond laser pulses. Depending on the center wavelength
the fitness function. of the broadband laser pulse spectrum, vibrational wavepackets
can be prepared in different transition states, some of which
might be better suited to achieve a given optimization task. In
The experimental setup is sketched in Figure 1. Our laser the case of Fe(C@) we observed different photoproduct

system consists of a home-built Ti:sapphire oscillator and a distributions after single-pulse 800 and 400 nm excitatfon.
chirped-pulse amplification (CPA) system providing 80 fs, The pump-probe technique, used to determine the dynamics
1 mJ pulses at a center wavelength of 800 nm and a repetitionof photodissociation processes, can sometimes be used as an
rate of 1 kHz. These pulses are modified in a femtosecond phaseeasy way to influence the product distribution as suggested by

Molecular beam

and the question of the choice of a suitable fitness function is
addressed. Section 5 compares our previous ré$éitsn the
automated 800 nm optimization of the Fe(GOlFe' ratio with

3. One-Parameter Control Mechanisms

2. Experiment

shaper based on a design of Weiner et2&f. Pulse-shaping
techniques for simultaneous amplitude and phase sh¥sg
well as pulse shapers with acousto-optic modulators (ABM)

Tannor, Kosloff, and Ric&1°We have investigated the effect
of pump—probe delay on the distribution of the photoproducts
of Fe(CO}.2”2Summarizing, for 400 nm multiphoton excitation

have also been developed, but are not used here. As describednd a 800 nm probe step, the Fe(€©) yield is maximal for
previously?” we use a zero-dispersion compressor set up with overlapping pump and probe laser pulses. With increasing
1800 lines/mm gratings and 80 mm plano-cylindrical lenses to pump—probe delay, the maximum ion yields are reached
disperse and recollimate the femtosecond pulse spectrum. Asequentially, first for Fe(CQ)n = 2, 3, 4, then for Fe(CO),
liguid-crystal display (LCD), model SLM-128 by Cambridge and finally for Fe. Different fragment ratios can thus be realized
Research and Instrumentation (CRI), is used as phase modulatoby choosing suitable pump-probe delays.

in the Fourier plane. By applying different voltages to the 128 At least in some cases, an increased pulse duration can be
independent pixels of the LCD array, their refractive indices thought of as being made of a sequence of bandwidth-limited
can be changed. Different optical path lengths are thus laser pulses (such as used in punppobe experiments). From
introduced to the spatially separated spectral components,the preceding discussion it is therefore clear that the pulse
allowing for almost arbitrary spectral phase modulation. In the duration in a single-pulse experiment can have a strong effect
time domain, this leads to a redistribution of the laser pulse on the photoproduct distribution and can in fact be used as a
energy (and therefore to different pulse lengths and pulse shapestontrol parameter. If the laser pulse duration is increased (as
as well as to temporal chirp. Since we do not use the LCD as can be done with a phase shaper), the temporal intensity is
an amplitude modulator but only as a phase modulator, the totaldecreased. Lowering the intensity is also possible by reducing
pulse energy is independent of the introduced chirp. With our the pulse energy at constant pulse duration. These two pos-



Controlling the Femtochemistry of Fe(C£)

o pulse energy / pJ

J. Phys. Chem. A, Vol.

103, No. 49, 19980383

40 60 80 100 - 19 e
! ! ; e 1003 o "
e = $ 9 e 0 e
. T &
. 2 10- Fe(CO)s
D
< 5 .
o . - .
@) 1 3
% 0.14 . IBEEE| T T T T T T T
° 8 ® 1 o
o Q@ L ] o]
6 ° 7 ° w 1.0 1 © ®
0.01——— T T T : 8 °o o
10 8 6 2 T 05 1 °
o chirp / 10° fs? C ° o,
Figure 2. Pulse energy and pulse length dependence of the Fg(CO) 0.0 - R ——— S
Fe ratio using 800 nm laser pulses. 0 5 10 15 20 25 30 35 40

pulse energy / uJ

sibilities of lowering the laser intensity must not be confused, Figure 3. Pulse energy dependence of the absolute Fe(@m Fe
however, because they lead to totally different responses of thegjgnais (a) and the corresponding Fe(@B3 ratio (b) using 400 nm
sample substance, as we will show in the following. laser pulses.

We have first generated 800 nm bandwidth-limited laser
pulses by automated femtosecond pulse compression, as deof the femtosecond laser pulses over the whole spectrum, the
scribed elsewher€. Starting from there we performed two  number of independent parameters can be greatly increased. As
experiments of one-parameter control of the Fe(@fysocia-  will be shown in the case of Fe(CQ)utomated control with
tion branching ratios. First, by applying different attenuations the aid of a programmable pulse shaper may improve the final
to the laser beam, we varied the pulse energy in an interval result of the optimization.
from 113 to 34xJ. With the measured temporal pulse shape  ap evolutionary algorithm is an optimization method which
(employing the SHG-FROG technique) and a focus diameter mimics processes of the biological evoluti&it* We have
of about 100um in the interaction region, the different pulse  gescribed our implementation in detail elsewtéiBriefly, the
energies can be transformed into intensities. Second, by applying‘genetiC configuration” of an “individual’ consists of the 128
with our pulse shaper additional linear chirp in the range of voltage values applied to the LCD array. The modulated laser
0-10* fs* at a constant pulse energy of 113, the pulse  pyise is used to excite the molecule under examination, and
duration and therefore also the intensity can be varied. In the resulting distribution of the photoproducts is then used to
principle, this experiment could also be done by a conventional cajcylate a certain fitness function (see below). The higher the
prism compressor. Therefore, we present these results in thisiiness is, the better the laser pulse is suited to achieve the
section of one-parameter control schemes. The ratios of ghjective to a given optimization problem. After testing all
Fe(COY/Fe achieved in the two experiments are shown in Figure individuals of one generation (randomly initialized), the best
2. Both schemes exhibit a completely different behavior. gnes are selected for reproduction according to the evolutionary
Whereas reducing the pulse energy (and therefore reducing th&yrinciple of the “survival of the fittest”. Crossover and mutation
intensity) leads to an increased Fe(@Bg ratio, increasingthe  procedures lead to offspring which is often better adapted to
pulse duration by introducing linear chirp (and therefore as well the environment than its precursors. Again, all individuals are
reducing the intensity) leads to a decreased Fe¢E®yatio.  tested, and the best of them are selected. After many iterations
Hence, it is not quite correct to speak of the Fe(gEj ratio  of the evolutionary process, the average fitness has increased
as intensity.-dependent, since different types of intensity variation gnq the goal of the optimization problem is achieved.
lead to a different behavior. In our previous work on automated pulse compression, the

We conclude that by using phase-shaped femtosecond lasefjiness was simply set equal to the amount of SHG light
pulses on Fe(C@)processes can be induced and studied which rqqced by the modulated laser pul&&.The shorter the laser
are not accessible by a variation of the pulse energy alone.ses were, the more SHG could be detected. In this way, the
Automated optimization of the Fe(C&lye ratio using 800 nm (546t of bandwidth-limited laser pulses could be reached. In
laser pulses will be discussed in section 5.1. the case of coherent control, we maximized (and minimized)

Similar experiments can be done with 400 nm laser pulses. {he ratio of two selected photoproduct yields, thereby favoring

The effect of laser pulse energy on the absolute ion yield of {he reaction product of the numerator over the reaction product
Fe(CO} and Fe is illustrated in Figure 3a. With increasing pulse of the denominator (and vice versgy°

energy, both signals increase, but with a different slope. The
corresponding Fe(C@J-e ratio is shown in Figure 3b. By
adjusting the laser pulse energy between 38 andl 6it is
possible to change the Fe(Gfe ratio from 0.25 to 1.35. This
result, together with the absolute ion yield, will be compared
with the result of the corresponding automated 400 nm
optimization in section 5.2.

In some cases, these “standard” fitness functions may not be
sufficient. For example, the quotient can get very large (thereby
indicating a high fitness) if the denominator gets very small. In
our context, the optimization target could be reached by
essentially producing nothing of the product in the denominator
(which is of course what is wanted), but also producing almost
nothing of the product in the numerator (which is usually not
wanted). We have avoided this problem by introducing a more
versatile fitness function.

Each of the “simple” control mechanisms discussed so far We now use a fitness function of the forifx,y) = axly +
makes use of only one control parameter. Usually this is not bx + cy wherex andy indicate the measured fragment yields
sufficient for more complex molecules. By controlling the phase of the desired and undesired reaction products, respectively, and

4. Evolutionary Pulse Shaping
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Figure 4. Relative photoproduct distribution after automated maxi-
mization and minimization of the Fe(Cglfye ratio using 800 nm laser
pulses andj, = 0 in the fitness function.

a, b, andc are suitable parameters. Additionally, we can replace
y in the termx/y by some threshold valug whenevely < yj.

If a> 0 andb = c > 0, for example, not only the ratio of the
fragments but also their total yield is maximized. By adjusting
a on the one hand anid andc on the other hand, the relative
importance of total signal maximization with respect to maxi-

Bergt et al.

Fe(CO),/ Fe ratio: 2.2

Fe(CO),/ Fe ratio: 0.2
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Figure 5. Autocorrelation functions from a 800 nm maximization (a)
and minimization (b) of the Fe(C@}re ratio using/, > 0 in the fitness
function.

and so on may also be different. Evolutionary algorithms of
course search for optimum results within the given experimental
parameters.

mization of the photoproduct ratio can be chosen. The threshold The results may also be discussed in view of the correspond-

valueyp preventsx/y from getting very high ifx andy both are
below the noise level, witk being only accidentally higher. If
no positive threshold is used, the evolutionary algorithm may
find an optimum with very small total yields. The ratio actually
goes to infinity ify tends to zero. The application of this generic
fitness function with different parameter values is shown in the
next section.

5. Automated Coherent Control

5.1. Optimization with 800 nm Laser PulsesThe results
of the maximization and minimization of the Fe(G{Pe ratio
using 800 nm laser pulses and fitness parameterd), b = ¢
0, andy, = 0 are shown in Figure 4 as published
previously?%:20 Significantly different product distributions are
achieved in the two cases, with the Fe(@Bg ratio dropping
from 4.8 in the maximization experiment toward 0.06 in the

ing laser pulse shapes. The Fe(g®)periments may present
an example where it is possible to extract information about
the reaction mechanism from the results of the optimization.
Intensity autocorrelations of the maximization as well as the
minimization experiment usingy > 0 are shown in Figure 5.

In the case of Fe(C@)e maximization, a bandwidth-limited
laser pulse is produced (Figure 5a) as in the former experiment
with yo = 0. This is no surprise because according to Figure 2
the shortest possible laser pulse leads to the highest Fg(CO)
Fe ratio. On the other hand, for a minimization of the Fe(€0O)
Fe ratio, longer laser pulses are needed according to Figure 2.
In the case ofjy = 0 this led to an arbitrarily long laser pulse
where the Fe(CQJFe ratio is lowest. But witlyg > O this is

no longer possible, and another optimum has to be found. The
autocorrelation function shown in Figure 5b exhibits a three-
peak structure with temporal spacings of about 500 fs. This is
indicative of a double-pulse laser intensity profile with one pulse

minimization experiment. The corresponding laser pulse shapedelayed by 500 fs from the other. Note that the double-pulse is

is bandwidth-limited in the case of maximizatiétfound after

produced by the pulse shaper from a single input laser pulse.

about 30 generations of the evolutionary process. In the The optimization results can be understood in terms of the

minimization experiment, arbitrarily long laser pulses of pico-
second duration are sufficietfwhich means that the algorithm

pump—probe experiments published earf#éf2 A detailed
theoretical interpretation of these experimental puipmbe

essentially produces the best result already in the first few investigations will be given in ref 45. With increasing pump

generations. Since we have not used a threshold valueyg.e.,

probe delay the maximum of the photoproduct distribution

= 0), high ratios (and therefore high fitness values) are possible shifts toward smaller fragments. Therefore if the Fe(§&®

with small total ion yield. In the mass spectrum leading to Figure
4 (Fe(COy/Fe minimization), for instance, the Fe(GQ)eak

ratio is to be made small, longer pumprobe delays are needed.
This is exactly what can be seen in the double-pulse structure.

is barely above the noise level (note that the relative ion yields On the other hand, if the Fe(C&ye ratio is to be made large,

are plotted). When we repeated the experiment, againavith
0 andb = ¢ = 0 but with a threshold valug, > 0 that was

short pump-probe delays (or essentially overlapping pulses)
are needed. Again, this is in agreement with the single

chosen such as to allow only signals above the noise floor to bandwidth-limited laser pulse produced in the maximization

enter the calculation of the fitness function, the final product
distribution (not shown here) exhibited a maximized Fe(§0O)

experiment.
It is possible to give a physical explanation for these

Fe ratio of 2.2 and a minimized ratio of 0.2. As expected, the optimization results. In a first step, multiphoton absorption in
ratios were not as extreme as without using the threshold the parent molecule initiates some wavepacket dynamics on a
procedure, but the total yield was considerably higher. This is neutral dissociative potential energy surface. Theoretical inves-
due to the fact that in the Fe(C&ffe minimization procedure, tigationsg® show that the molecule may be excited simulta-
the algorithm could not get “stuck” with arbitrarily long laser neously to more than one potential energy surface. It takes then
pulses already in the first few generations. Note that it is difficult some time for the wavepacket to move on the surface(s) and to
to compare the ratios of the former and the new experiments reconfigure the molecule such that the irazarbonyl bonds are
directly, because we now use an improved pulse shaper setudroken, before in a second step the resulting fragments are
with cylindrical lenseg; allowing higher output energies. Other  detected by multiphoton ionization. For complete fragmentation,
experimental parameters such as the molecular beam densityhe temporal separation between these two steps can be
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approximately determined from Figure 5. This separation is 4

shorter than 500 fs (the time-delay between the two pulses ] Fe(CO)5/Fe rafio
forming the structure of Figure 5b), but longer than 100 fs (the 3] P P
pulse duration which is visible in Figure 5a). If the time scale z

for the bond breakings were longer than 500 fs, it should show 3

up in an increased separation of the double-pulse structure in 3 27

the minimization experiment; if the time scale were shorter than g ]

100 fs, the additional structure at 500 fs delay should have no e i

effect on the Fe(CQJFe ratio, except that the energy in the i ! @ i

first part of the double pulse were lower. According to Figure oJ ; B

2, however, reducing the energy would again lead to a Fe | FeCO  Fe(CO), Fe(CO), Fe(CO), Fe(GO),

maximization instead of a.mlnlmlzatlon of the Fe (@B ratio. Figure 6. Absolute photoproduct distribution after automated maxi-
Therefore, the assumption about the time scales and themization and minimization of the Fe(C@¥e ratio using 400 nm laser
underlying dynamics should be correct. Since our pulse shaperpulses and low values df andc in the fitness function.

does not modulate amplitudes, pulse shapes different from the . . . )
(optimal) pump-probe of Figure 5b would imply a redistribu- In the following series of experlmentslwe chose a suitable
tion of temporal intensity. The intensity in the pump and/or in threshold valugy, > 0 for the reasons discussed above. We
the probe step would decrease and the probability of transfer tothen performed optimization experiments witk= Fe(CO} and

the excited and the final states, respectively, would drop, leadingy = F& (which are referred to as “maximization” experiments,
to a less than optimal branching ratio or total ion yield. What because the ratio Fe(C&¥ye is maximized) as well as with
can be learned about the Fe(G@)olecule then is that within = F& andy = Fe(CO} (which are referred to as “minimization”
the wide class of possible laser pulse shapes accessible by th&*Periments, because the ratio Fe(€B; is minimized). The
pulse shaper, a pumiprobe scheme represents a very efficient 'elative importance of absolute signal maximization with respect

mechanism for population transfer from the initial state FegCO) (O Photoproduct ratio maximization was varied from “low” to
to the final state Fe. high”, employing three different parameter setsb, andc.

First, we chosea = 1 andb = c¢ such thataxly > bx + cy
for unmodulated laser pulses, meaning that the improvement
of the ratio was given more weight than the maximization of
the absolute signal. The resulting product distribution is given
in Figure 6 showing the absolute signals from the mass spectra.
In the maximization experiment, a Fe(G{Pe ratio of 1.7 is
achieved, whereas in the minimization experiment the ratio is
0.15.

The first observation is that going from the automated Fe-
(CO)/Fe maximization results to the minimization results, the
absolute Fe(CQ)yield decreases whereas the absolute Fe yield
increases. This behavior is different from Figure 4 where only
the relative yield showed qualitatively similar behavior but the
total yield was lower in the minimization experiment (by a factor

t.hi optimization results byl_“_static" intensitly-dependenr: mul- ot ahout 10). We attribute this to the use of the threshold value
tiphoton absorption probabilities can be excluded, and the moreyo > 0 which prevents the evolutionary algorithm from simply

complex “dynamical” picture described above is applicable. The 1. 4.,cing a very long laser pulse (with corresponding low
deductions drawn in this “simple” example of Fe(GQljs- %tensity%nd Iowytotalgyield). P ( P g

sociation may therefore be viewed as a step toward the  the second observation is that in the one-parameter control
qualitative solution of the so-called “problem of inversion” of experiment of pulse energy variation (Figure 3b), we could
automated optimization, i.e., finding the fundamental mecha- change the Fe(C@Fe ratio between 0.25 and 1.35 in the
nisms from the optimization results. Further investigations are oyamined energy range. The results obtained with the pulse
necessary to establish evolutionary pulse shaping as a generaéhaper are slightly better, but it cannot be excluded that this is
tool for answering these types of questions. an effect of uncompensated chirp of the 400 nm pulses in the
5.2. Optimization with 400 nm Laser PulsesIn order to energy attenuation experiment, due to the LBO crystal. How-
illustrate that it is possible to do automated coherent control ever, even if we extrapolate Figure 3b and imagine the ratios
experiments with wavelengths other than 800 nm, we frequency-from the automated optimization to be reached, the absolute
doubled the output of the pulse shaper in a nonlinear LBO yields (Figure 3a) are drastically different for the Fe(@6@
crystal before focusing it into the interaction region. Two aspects maximization €3 mV) and minimization £40 mV). Using
have to be taken into account. On the one hand, a specific chirpenergy attenuation alone, it is not possible to obtain the pulse
might improve the interaction, but on the other hand the SHG shaper result of maximized and minimized ratios and to
efficiency is strongly dependent on the chirp. Here we demon- simultaneously achieve almost equal total yields. The conclusion
strate that if the 400 nm pulses are used in coherent controlis that by using a femtosecond phase shaper with an evolutionary
experiments, maximization of a given objective (such as algorithm, ionization/fragmentation processes of Fe({C@g
maximization of a photoproduct yield ratio) does not simply accessible that cannot be initiated by bandwidth-limited laser
lead to bandwidth-limited pulses, but rather to a specifically pulses of varying energy.
phase-shaped 400 nm laser pulse optimal to the given problem. In the second set of the optimization series, we chose
In other words, the combined system of SHG and molecular moderately higher values bf= ¢ such thatxy < bx+ cyfor
Fe(COj} photodissociation is optimized by this procedure, not unmodulated laser pulses. Again we wanted to maximize and
just the SHG efficiency itself. minimize the Fe(CQJFe ratio, but with an increased weight

In the case of Fe(C@Fe maximization, the wavepacket has
not evolved significantly within the duration of the single laser
pulse. Further evolution is stopped as the momentary config-
uration (at under 100 fs still the undissociated parent molecule)
is projected into the ionic continuum. Therefore, mainly
Fe(COy is detected. The remaining fragments are due to dis-
sociative ionization. Indeed, our previous pungyobe experi-
ment$”42 yielded fragmentation times of 100 fs for the first
four iron—carbonyl bonds, and 230 fs for the last bond,
altogether within the limits deduced from the automated control
experiments. In light of the completely opposite behavior of
the Fe(COJFe ratio with the two types of varying laser
“intensity” shown in Figure 2, we think that an explanation of
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Figure 7. Absolute photoproduct distribution after automated maxi- Figure 9. Absolute photoproduct distribution after automated maxi-
mization and minimization of the Fe(C&ye ratio using 400 nm laser ~ mization and minimization of the Fe(Cglfe ratio using 400 nm laser

pulses and medium values bfandc in the fitness function. pulses and high values dfandc in the fitness function.
5 a) veaven high laser intensities (and therefore short laser pulses) are
» oottt * required in both cases. This means that essentially both the
g *1 oo™’ maximization and the minimization procedures try to compress
2 n the femtosecond laser pulses. Even though this is the case (the
- 31 absolute signals both reach almost the same level as for no
@ Fe(CO)5/ Fe maximization additional phase modulation), the Fe(GB¥ ratio can still be
£ 212 T . varied, but in a further limited range from 0.43 in the case of
o 1070 Jeeteseesesgecee minimization to 0.55 in the case of maximization.
S ....--"' As an overall result of this series, we recognize that by
& .-' choosing the correct weighting factors in the fitness function,
57 o it is possible to tune automated coherent control experiments
. Fe(CO)s / Fe minimization from an optimization of mainly the photoproduct yield ratios
NN toward optimization of the absolute mass signal.

0 5 10 15 20 25 30 35

generation 6. Conclusion

Figure 8. Evolution of the fitness function leading to the photoproduct . :
distribution of Figure 7 for the case of Fe(GfFHe maximization (a) In t,hls 'pape.r, we used ‘?‘ femtosecqnd laser pulse shaper in
and minimization (b). combination with an evolutionary algorithm and feedback from

the experimental output in order to investigate and actively
on the absolute ion signal. The results are shown in Figure 7. control the Fe(CQ)ionization and fragmentation processes. In
As before, maximization as well as minimization is possible. particular, we have shown that the Fe(G/B§ ratio cannot be
But additionally, the absolute signal is greatly enhanced, as wasdescribed as simply “intensity”-dependent, because intensity
requested by the fitness function. However, the increase of thealteration by pulse energy variation leads to a behavior opposite
absolute signal is at the cost of the maximum and minimum to intensity alteration by pulse duration variation. Phase modula-
ratios, which are not as good as in the case of Figure 6. Thetion of the 800 nm laser pulses can therefore be used to induce
maximized ratio (0.76) is higher than the ratio obtained with a processes other than by simple pulse energy reduction. This fact
nonmodulated laser pulse, and the minimized ratio (0.47) is is used in the automated control experiments where optimum
lower. This implies again a true optimization. Since the Fe(CO)/Fe ratios are found in either direction. The resulting
experimental conditions such as the molecular beam density,laser pulse shapes give valuable clues about the dynamics of
the laser pulse energy, and so on were not stable enough tahe underlying physical processes. Iron pentacarbonyl can be
achieve the same absolute signals over the whole period of thisregarded as a simple example where the “problem of inversion”
experimental series, the results of this second and the followingcan be tackled. Further investigations in this general direction
third step should not directly be compared to the energy varianceare necessary to fully clarify the different fragmentation
scheme from Figure 3. processes of Fe(CQ)

The typical evolution of the fitness function is shown for the We further explored the possibility of using second-harmonic
maximization (Figure 8a) as well as the minimization experiment generation after the pulse shaper to produce 400 nm phase-
(Figure 8b) leading to the photoproduct distribution of Figure shaped laser pulses for automated coherent control experiments.
7. Depending on the fithess parameters, these curves may exhibitt was shown that this is indeed possible and that optimization
more fluctuations, especially ¥k is chosen too low, and thus  of a given objective of quantum control does not simply lead
small signals lead to a high uncertainty in tkfg ratio. It can to a maximization of the SHG efficiency but instead to an
also be seen from Figure 8 that arbitrarily phase-shaped laseroptimization of the combined system of SHG and molecular
pulses (as produced in the first generation of the evolutionary fragmentation/ionization of Fe(C@)Varying the weighting
process) are not sufficient for either the maximization or the parameters of the fitness function, it is possible to choose
minimization experiment. If arbitrarily phase-shaped laser pulses between mainly optimization of the Fe(Gf}He ratio (not
were sufficient, at least one of the curves would not show a demanding high total yield) and mainly maximization of the
clear rise with increasing number of generations. absolute yield (where the ratio is not considered as important).

In the third step we further increased the magnitude ahd Future experiments might, for example, address the question
¢ with respect to the previous step. This time, almost all weight of how product branching ratios other than Fe(gJBg can be
of the fitness function is put onto the absolute signal whereas optimized by phase-shaped laser pulses and if their changes can
the photoproduct yield ratio is not very important. The results be made to surpass the changes they undergo in the R¢(CO)
are shown in Figure 9. Since high absolute signals are wanted,Fe optimization experiments discussed here.



Controlling the Femtochemistry of Fe(C£)

We consider evolutionary pulse shaping a very useful tool

which will play an increasingly important role in unraveling
the secrets of photoinduced chemical reactions.
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