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We present the results of optimal-control experiments and calculations on the production of highly charged
ions in intense laser field irradiation of large xenon clusters. Experimentally, a spectacular enhancement in the
yield of highly charged ions is observed when clusters are subjected to an optimized laser field consisting of a
sequence of two pulses, with a time delay that depends on the intensity of the laser and the size of the clusters.
Similar results are obtained in optimal-control calculations, which demonstrate that the optimized pulse shape
maximizes the efficiency of resonant heating.
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The interaction of clusters with high-intensity lasers hasan optimal pulse shape that reveals resonant heating as pre-
received much attention in the last few years. Clusters repdicted by models like the nanoplasma model, and further-
resent a laser target with a density close to that of a solidnore report optimal-control calculations that lead to opti-
where nearly 100% of the incoming light can be absorbednized pulse shapes similar to those seen in the experiment.
[1], without the possibility for relaxation of the deposited In the experiment the rare gas clusters were produced in a
energy into bulk material. Hence, they are ideal targets fodifferentially pumped vacuum system. The gas was ex-
the production of energetic particles. Cluster explosions leaganded through @&=500-um pulsed nozzlg¢50 Hz repeti-
to the production of very energetitMeV) and highly tion rate. Using the Hagena parametgt3] the average
charged iong2], keV electrons and soft x-ray photons, the number of atoms in the clusters is estimated to (bg
latter being a candidate for use in euv lithography. The irra~1.6x 10* with a standard supersonic nozzle afit)~ 2
diation of deuterium clusters with intense femtosecond lasex 108 with a conical nozzle, using 6 bars of xenon backing
can even lead to nuclear fusi¢g]. _ pressure. The high-intensity laser was a chirped-pulse ampli-

Various model§4—7] have been developed to explain the fication (CPA) system. After compression 100 fs, 2a0oule
production of energetic particles in cluster explosions. Compylses were produced, at a repetition rate of 1 kHz, and with
mon to these mOdelS, individual atoms are ionized via tUnneé central Wave|ength of 800 nm. The laser beam was focused
ionization when the laser reaches a high enough intensityyith a 150-mm focal-length lend/D=7.5). The intensity at
occurs via electron impact ionization and field ionizaties-  amplification the pulses were sent throughfaadrangement
sisted by the proximity of positive ionsin models for small it a Spatial Light ModulatotSLM, Jenoptik, SLM-S 640/
clusters[6] (up to 30 atoms/clustgresonance effects related 1) in the Fourier plane. The SLM consists of 640 indepen-
to enhanced ionization at a critical atomic internuclear sepagent strips, to which voltages were appligdth 12-bit reso-
ration have been predicted, similar to the process of multiyytion), in order to apply phase shifi#(w) to the different
electron dissociative ionizatioGMEDI) in diatomic mol-  spectral components of the pulse. Different phase patterns
ecules, while in the nanoplasma mod€] for large clusters |ead to different temporal pulse shapes, according to the
the laser-cluster coupling is enhanced when the plasma isourier transform relatiorE(t) = fE(w)€“'dw, where E(w)
resonantly heated at the moment that the density of free elee|E(w)|e?(@ is the laser field in the frequency domain and
trons becomes equal to 3 times the critical densify. Sup-  ¢(w) the phase applied with the SLM. The spectral range
port for the nanoplasma model has come from measuremenggvered by the SLM was centered at 800 nm and extended
of ion kinetic energy and charge-state distributions as a funcover 100 nm. The parameters describing the laser field were
tion of pulse duration[8], and—in particular—electron ki- varied in an automated way, in order to find the optimum
netic energy distributiong9] which showed “warm” elec- pulse shape for the production of highly charged ions.
trons with energies up to 2 keV and a sharp “hot electron” lons were detected using a velocity-map imaging set-up
peak attributed to electrons that leave the cluster at the res$t4] that was used as a simple time-of-fligffOF) spec-
nant heating point where the electron densitydrops to  trometer without making use of its imaging capabilities. The
3n.i. Very recently, the applicability of the nanoplasmaions were accelerated towards a dual microchannel plate
model to finite size cluster systems has been questionedVICP) and the repeller and extractor electrode voltages
however, following a number of repor{d0,1]] that were (5.21 kV and 4.31 kV on the repeller and extractor elec-
unable to reproduce the results of Rg¢fs-11]. In the present trodeg were adjusted in order to have as good a TOF reso-
paper we present an experimental optimization of the prolution as possible. The TOF traces were recorded with a
duction of highly charged ions resulting from the interaction0.5 GHz oscilloscope. We note that the experimental ar-
of an intense laser field with large xenon clusters using amangement allowed photons and fast electrons to be observed
optimal-control[12] approach. Tailored laser pulses were ap-as well.
plied and the production of highly charged ions was used as Figure 1a) shows a typical TOF trace that was obtained
a diagnostic for the laser-cluster coupling efficiency. We findwhen xenon clusters with an average sii~1.6x 10*
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specific phase pattern applied across the spectrum, with a
corresponding different temporal pulse shape. All the indi-
viduals were assigned a fithess value by integrating the part
of the TOF trace corresponding to the formation of highly
charged state@ > 11) using a boxcar integrator. These indi-
viduals then underwent selection, according to their fitness.
We used elitism for the 4 best individuals, uniform crossover

-*2 (P.=60%) and mutation(P,,=1%) to create a new genera-

3 tion, again consisting of 50 individuals, which were in turn

g experimentally testefll5]. As shown in the inset in Fig.(I)

= the average fitness increased until convergence was

] g 020 | achieved. The solid curve in Fig(ld) shows the result of the

= "5 018 i n ™ optimization after 40 generations. A dramatic change in the

22k xe™ g oos :*'cw*ﬂ%‘%"“*m . charge-state distribution is observed, with a strong decrease
R . in the lowest charge-states, and an increase in the h|g_he_st

e Gen;aetzi?ns i charge-states up to 23+, compared to 11+ before the optimi-

zation. One should note that ¥ and Xé'* are of particu-
lar importance for the generation of soft x rays in the
11-13.5 nm rangg16], where EUV lithography is devel-
oped.
One could argue that the optimized fitness involves not
TOF (us) only the yield of highly charged ions but also the detection
efficiency of these iongsince by lowering their kinetic en-
FIG. 1. Time-of-flight(TOF) traces for the interaction of xenon €rgy the detection efficiency of the ions may be increased
clusters [(N)=1.6X 10% (a)] with a Fourier-transform-limited e note however, that the current optimization also led to an
100 fs, 800 nm, 1 W cm 2 laser puls&N.B. The inset shows the increase in the total electron yield, whereas the ion yield for
complete TOF trace(solid line) and the optimal linearly chirped the lower charge-states substantially decreasedn though
laser pulse(dashed ling for forming highly charged ions derived the kinetic energy for these charge-states decreasésb,
from the former(~500 fs long; (b) with the optimum pulse shape based on earlier work using linearly chirped laser pulses, one
obtained by means of an 80-parameter unrestricted optimization. Amight suspect that the optimization simply consisted of ap-
shown in Fig. 2a) the optimum pulse consists of a sequence of twoplying an appropriate chirp to the pul§g7]. However, the
120 fs pulses, separated by 500 fs. The insgbjrshows the evo-  results shown in Fig. (b) show substantially higher charge-
lution of the fitness value for the 80-parameter optimizatifdl states than the begf00 fs long linearly chirped laser pulse
squares, maximum fitness; open squares, average fitness that we could applythe dashed line in Fig.(&)].

To interpret the experimental results, the pulse shape lead-
were irradiated with a nearly Fourier transform limited ing to the optimal result was determined. The autocorrelation
(FTL) 100 fs, 230uJ pulse. All the peaks are quite broad of the optimum pulse shape shown in Figa)2 suggests that
due to the kinetic energy release in the laser-cluster interachis pulse consists of a sequence of twt20 fs pulses with
tion. For several charge states, ions emitted towards and similar amplitude and separated in time %00 fs. Evi-
away from the detector can be distinguished. No dependenaently there exists a specific time after triggering the cluster
of the shape of these peaks on the laser polarization axis waxplosion when the coupling between the laser field and the
observed, which indicates that the ions were emitted isotroeluster is maximal, and the optimization determines the op-
pically. The forward and backward peaks are seen separatetynum value of this time delay. We note that the peak inten-
since due to their kinetic energy not all ions were collectedsity in the optimal pulse is only half of the peak intensity of
on the detector and ions with a very large transverse velocitthe FTL pulse. Nevertheless, the production of highly
miss the detector. The maximum charge-state observed usimtharged atoms is strongly enhanced. It should be emphasized
the FTL pulse was Xé*. Extremely efficient coupling of the that the fact that the optimum pulse shape consists of a se-
laser field to the cluster is responsible for the production ofjuence of two pulsedoes notmean that the optimal-control
these highly charged states. When no clusters were presemtperiment performed here was simply a pump-probe experi-
the maximum observed charged state was*Xender the ment. The experiment was an 80 parameter unbiased optimi-
same experimental laser conditions. zation proving that the formation of a sequence of two pulses

The optimal-control experiment consisted of enhancingand the existence of a specific delay between these two
the production of X&, with n>11, with the help of a pulses are essential features of the optimization of laser-
Simple Genetic Algorithm(SGA) [15]. Briefly, the SGA cluster interactions; very different pulse shapes could have
started with a random population of 50 individuals, with been found if the physics of the problem had required this.
each individual representing a string of bits encoding the In order to elucidate the origin of the optimum pulse
voltages on the SLM. In the present experiment the voltageshape found in the experiment, a numerical pulse shaping
applied across the SLM were varied in blocks of 5 pixelsexperiment was performed on a computer, using a molecular
over a range of 400 pixels, so the search space consisted dfnamics simulation of the laser-cluster interactigi8].

80 parameters. This way, every individual corresponded to &alculations were performed where small Xe clustétsp

011201-2



RAPID COMMUNICATIONS

it

CONTROL OF THE PRODUCTION OF HIGHLY CHARGED. PHYSICAL REVIEW A 70, 011201R) (2004
' I ‘ I ‘ ' ' 1.5X1014 Y T T v T T T
(a) E )
r 7 § 14 .
§1.0x10 E 146 fs |
> E

5.0x10"%

. NI

———— 0 250 500 750 1000

Intens

_(b) i _ .
EIapsed t||me (fsgc)
’ [ B-— A
o B
- ] s \A\
7 ] o A
l‘i . Il B g \
[ Ia | —
J ‘—IJ‘ JIL [g LI g ~e ° \O“Q‘O—O
' ' e "0-0-9-0-0-9
-4 -2 0 2 4 2

Delay (ps) — T T T
0 200 400 600 800
FIG. 2. Autocorrelation traces for pulses obtained (ay an Time delay (fsec)

unrestricted 80-parameter optimization foK)=~1.6x 10" [Fig.

1(b)], and(b) a restricted 3-parameter optimization with larger clus-  FIG. 3. (a) Optimal pulse shape found in an optimal-control

ters ((N)=2.0x 10P). In the latter case the 3 parameters in the calculation for the ionization of Xgg by a tailored laser pulse

optimization were the amplitude and period of an oscillatory phaselerived from a 30 fs, 3.5 10 W/cn? laser pulse. Efficient ion-

pattern applied to the LCD magkeading to the formation of a ization is achieved by a sequence of two pulses separated by 146 fs;

pulse train and the linear chirp of the pulse. (b) average ionic charge-state resulting from the interaction of a
sequence of two 30 fs, 1.7610"W/cn? Gaussian pulses with Xe

to 5056 interacted with a tailored laser fie(derived from a  clusters, where=64 (solid squares 108(open squargs302(solid

30 fs 3.5< 10" W/cn? Fourier-limited pulsg In these cal-  circles, 588 (open circles, 1524 (solid triangles, and 5056(0pen

culation atoms in the cluster ionized as a result of both fieldriangleg. The result of the optimal-control calculation given(a

ionization and collisional ionization and trajectories of theis shown as a star. The vertical lines indicate the times where the
ions and electrons were calculated from Newton’s equationszlectron densityy, of the plasma generated by the first pulse falls to
The average ionic charge-state at the end of the laser-clust@n,;;. Very good agreement is observed between this time delay and
interaction was used as fithess parameter for a genetic algthe optimum delay between the two pulses.
rithm optimization, which in this case employed a population
of 30 individuals and used 40 parameters to represent thieig. 3b). For every cluster size an optimum delay between
phase function of the laser pulse. In Figagthe optimized the two pulses was found that produced a higher average
result is shown for Xe clusters consisting of 108 atoms/charge-state than the FTL pulse. By monitoring the electron
cluster. Similar to the experimental results, the optimumdensity in the cluster as a function of time delay, we could
pulse consists of a pulse sequence where for this combingletermine that this optimum corresponds to the time delay
tion of cluster size and laser intensity the delay between thehere the second pulse interacts with the cluster around the
first and second pulse is equal to 146 fs. We note that théime that the electron density density dropped to 8. In
third pulse in Fig. 8a) is a necessary by-product of the speci- other words, the simulations provide considerable evidence
fication of the pulse in the spectral domain, and does nofor the notion that the optimal pulse shape found in our ex-
contribute to the ionization of the cluster. perimental studies usingN)=1.6x 10* atoms/cluster and in
Having observed that a two-pulse sequence optimizes theur numerical studies using several hundred atoms/cluster
production of highly-charged ions experimentally using clus-reflects a resonance enhancement as suggested by a nano-
ters of 1.6< 10* atoms and numerically in calculations for plasma description of the laser-cluster dynamics. In the two-
clusters consisting of 108 atoms, the ionization dynamics opulse sequence, the first pulse initiates the plasma formation
clusters withN=64-5056 were numerically evaluated for and the expansion of the cluster. However, during the exci-
two-pulse sequences with a variable time delay between thition the electron density rapidly rises abowg,3 reducing
two pulses. The results of these calculations are shown ithe efficiency of the energy deposition. Maximum energy
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deposition is achieved when further excitation is delayed unresonance enhancement suggested by the nanoplasma model
til the electron density becomes low enough, which in theof cluster ionization. We have shown both experimentally
experiment occurs after about 500 fs. In further support oand numerically that there exists a specific time when the
this interpretation, we have experimentally observed that thgyser field is most efficiently coupled to the electrons in the
optimum time delay for the formation of highly charged ions o,gter, and have observed in our numerical simulations that

depends on the laser intensity and the cluster expansion cop- : :
ditions. Upon increasing the laser intensity a shortening oﬁhe optimum delay of the second laser pulse approximately

the optimum time delay was observed, consistent with &orresponds to the time where the electron dersit the
more rapid cluster expansion. Conversely, using a conicdfluster has fallen torg. The fact that we have two well-
nozzle, clusters with 100 times more xenon atoms could b&eparated pulses indicates that in the time interval between
produced and—consistent with the slower expansion of thesée two pulses any available laser field interacts poorly with
larger clusters—an optimal delay of 3.3 ps was fojsee the cluster, since the density of free electrons leads to a
the resulting autocorrelation trace in Fig(bg. Similar  screening of the laser fie[®2]. A detailed interpretation of
cluster-size effects have been observed in experiments whetiee mechanism of the resonant enhancement will be the sub-
cluster explosions were investigated by means of detectioject of a future publicatiorf23].
of laser absorptiofil 7], ion energieg8] and transient polar- ) ) .
izability [19]. The existence of an optimal time delay for the ~ This work is part of the research program of the “Stich-
energy deposition is also consistent with experiments on théing voor Fundamenteel Onderzoek der Mate(OM),”
production of energetic electrorj40,17] using a variable- Which is financially supported by the “Nederlandse Organi-
pulse-length laser and pump-probe experiments on the prsatie voor Wetenschappelijk OnderzogkWO).” We ac-
duction of multicharged20] and energetic ionf21]. knowledge technical assistance from A. Buijserd and N.
In conclusion, we have presented optimal-control experiDijkhuizen. S. Zamith acknowledges the European Commu-
ments and calculations that provide strong support for thaity for financial support.
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