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We report a good agreement between the shapes of tailored pulses obtained theoretically and experimentally
by using the optimal-control theory and the closed-loop learning technique to maximize the ionization yield

in NaK. The theoretical pulse shapes are found to be robust regarding the choice of the initial guess. We
assign the leading features of the pulse shapes to processes underlying the optimal control and reveal the
mechanism which involves an electronic transition followed by a direct two-photon process and sequential
one-photon processes at later times. We show that the optimal control not only serves for maximizing the
desired yield but also as a tool for the analysis and the identification of the responsible processes.

. Introduction processes. Therefore, metallic din#€r$® and diatomic mol-
eculed®20have been studied in numerous contributions, since

Ta|Iore(_j_ laser pl_JIses are appropriate for exciting d_|fferent they are suitable model systems for verifying the scopes of
superpositions of eigenstates by coherent control creating wave . . .
. ; . ” different control schemes and they are accessible to experimental

packets which are directed to a desired target state. Initiated

. . 2 . .
originally by proposed different control schemes in the fre- pulse shaping techniqués.* Theoretical and experimental

guency as well as in the time doma#f? the development was work using two-parameter control has been performed: In
followed by introducing a closed-loop learning contr@CLL). addition to _the pumg probe tlnfzzdelay, the secolﬁd control
Advances achieved in pulse-shaping techniques opened nev\{)arameter involved the pur%ﬂazzZH?nd/or prob&" V\gave-
roads in the field, in particular concerning the control of €Ngth, the pumpdump delay;?2%72% the laser powek the
chemical reactivity in complex systerfi®® However, the  Chirp;>2° or temporal width? of the laser pulse. Optimal
investigation of simple systems offers a possibility to learn how PUMP-dump control ofk; has been carried out theoretically
to use the control as a tool for analyzing the underlying i order to maximize the population of certain vibrational levels
of the ground electronic state using one electronic excited
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Figure 1. (a) Comparison of the theoretically (dotted line) optimized phase-modulated pulse (starting with two Gaussian pulses) with the experimentally
(solid line) optimized pulse, using CLL procedure; (b) Wign¥fille distribution of the theoretically optimized pulse; (c) snapshots of the wave-
packet propagation corresponding to the time¢-R420 fs), B (—240 fs), B (40 fs), and R (300 fs).

It remains an open question whether the forms of the shapedionization vs sequential one-photon ionization has been deter-
pulses can directly be used for unravelling the mechanisms of mined.
the underlying processes involved, in particular when several
excited states participate. For this purpose, the robustness ofll. Theoretical Methods and Experimental Conditions
the tailored laser fields has to be ensured. This can be examined
by optimizing the pulses theoretically under the corresponding

experimental conditions and comparing them with an optimal control theory formulated by Kosloff et Alusing full quantum-

pulse recelve_d by '”Sef“”g the ?Xpe””_”'e”‘a”y obtained laser mechanical treatment. The combination of (i) electronic structure,
field as a starting guess in theoretical optimal control procedures.(ii) dynamics, and (iii) optimal control considering (iv) experi-
If an agreement between the pulse forms can be achieved, then onial conditions will briefly be outlined.

the contributions of competing processes which are responsible (i) Accurate potential-energy surfaces for the ground and
for the pulse shapes can be revealed. excited states of NaK are available in the literatéiend have
We report the joint theoretical and experimental effort to been extended by calculation of the cationic ground state
identify the processes responsible for the optimized photoion- necessary for the consideration of the ionization process. For
ization yield in NaK from the form of the shaped pulses which this purpose, the calculations using the ab initio full CI method
have been obtained theoretically using optimal-control tHeory for the valence electrons and an effective core potential with
and experimentally by employing the CLL algoritt®n the core polarization (ECP-CPP) together with adequate atomic
basis of the agreement between theoretical and experimentabrbital basis sets [7s6p5d2f/5s5p4d2f] for Na and [7s5p7d2f/
forms of tailored fields, the conditions under which the shaped 6s5p5d2f] for K atoms have been performed. Investigation of
pulses are reproducible have been established and the role ophotoionization processes in the energy interval of 4.83 eV
different ionization pathways, e.g., direct resonant two-photon corresponding to three photons of 1.61 eV used in our

The optimization of laser fields for controlling the photoion-
ization in NaK has been performed in the framework of optimal-
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Figure 2. Time-dependent population of participating electronic states
of the neutral and cationic NaK, obtained from the simulations with
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the optimization of the pulses, the Krotov algorittrhas been
employed with additional penalty factors that allow us to take
into account the experimental conditions listed below.

(iv) In the experiment, NaK dimers were produced in an
adiabatic coexpansion of a soditipotassium vapor and argon
carrier gas through a nozzle of 7@a diameter into the vacuum.

To obtain mainly dimers, the oven temperature and the argon
pressure were set to 65 and to 2 bar, respectively. The
femtosecond laser beam was focused onto the molecular beam
in order to excite and ionize the neutral alkali dimers. The
produced ions were mass selected by a quadrupole mass
spectrometer and detected by a secondary electron multiplier.

The laser pulses were delivered by a-Sapphire oscillator
(Tsunami; Spectra Physics) with a repetition rate of 80 MHz, a
central wavelength of 770 nm, spectral width of 8.5 nm (full
width at half maximum), and a pulse intensity of about 1 GW/
cn¥ in the interaction region. Thus the experiments were carried
out in the weak-field regime. These experimental conditions
have been taken into account in the theoretical treatment, and
the magnitude of the simulated laser field was adjusted to the
experimental values according to the method given in ref 15.
The pulse shaper consists of a liquid crystal modulator mask
(CRI:SLM-256) with a resolution of 128 pixels located in the
Fourier plane of a zero dispersion compressor. The optimized
pulses were experimentally found by a nondeterministic evo-
lutionary algorithm with phase-only modulation. For further
details on the experimental setup, see ref 27. The obtained ion

an initial guess using (a) two Gaussian pulses and (b) the experimentallyY/€lds stay almost constant for repeated optimization runs,

optimized pulse.

experiments involves the three excited stat&s*2 31, and
6'=" of the neutral NaK which are resonant with one- and two-
photon energies, respectively.

(i) Quantum-dynamics simulations have been carried out by
representing the wave function on a grid and using a nonper-

whereas the optimized pulse shapes may slightly differ. We
show the best pulse form under the given experimental
conditions that we have mostly obtained in the performed
optimizations. The error of the optimization factor due to

molecular beam fluctuation is estimated to be 5%. The temporal
intensity of the acquired experimentally optimized pulse was
retrieved from the experimental cross-correlation signal and

turbative approach based on a Chebychev polynomial expansionseryed additionally as an initial guess for the theoretical

of the time evolution operator. The interaction with the time-
dependent electric field, which involves ground and three excited
states of the neutral NaK as well as a manifold of cationic states,
has been treated within the dipole approximation and using the
rotating wave approximation, justified in the weak-field regime.

optimization.

[Il. Optimized Pulses: Comparison between Theory and
Experiment

The rotational motion has been neglected because of the large Theoretically optimized pulses, obtained according to the

atomic masses and short time scales involved.
(i) The objective of the optimal control is the maximization

procedure outlined above using two Gaussian pulses separated
by 660 fs as initial guess, are shown in Figure 1a together with

of the photoionization yield, and the target operator correspondsthe experimentally optimized pulse using the CLL technique,

to the total occupation of the cationic states. For the transition

which provides an increase of the ion yield by 60% compared

dipole moments between the excited electronic states of theto that generated by a transform limited pulse. The leading
neutral species and the ground-state cation, different approxima-features of both phase-modulated pulses are in a good agree-

tions have been performé@11.13-16.19 \We used the constant
value d 5 D since it is in the range of transition dipole moments
between electronic states of the neutral NaK and is sufficiently

ment. The snapshots of the wave-packet propagation under the
influence of the theoretically optimized pulse (Figure 1c) serve
to assign the subpulses to underlying processes and to reveal

large to provide the robustness of the optimized pulses accordingthe mechanism responsible for the population of the cationic

to ref 34 and our experience. The influence of the nuclear
distance-dependent transition dipole moments which are avail-
able for Nal in the literaturfé has been tested and found to be
negligible.

An explicit treatment of the electronic continuum for the
cationic ground state dramatically influences the optimization
of the ionization process, and therefore it is mandatory for the

state.

The role of the P subpulse is to transfer a part of the
population from the ground electronic state to the first excited
213" state. This creates a wave packet in tAE*2state which
propagates within 180 fs almost to the outer turning point.
Subsequently, at the outer turning point, the dominant P
subpulse simultaneously transfers the population totHesgate

appropriate treatment. For this purpose, the electronic continuumby a one-photon process as well as to the cationic ground state

was discretized by introducing 14 replicas of the cationic ground
state with energy differences of 95 chin the range from 1075

to 2310 cnt! for the electron kinetic energies. This energy range
covers both the direct and the sequential photoionization from
the outer turning points of the involved electronic states. For

by a resonant two-photon process as can be seen from Figure
1c. In addition, the Psubpulse increases the population of the
213+ state at the inner turning point. Subsequently, the P
subpulse brings the wave packet to tREI3tate after the outer
turning point has been reached. In contrast to the dominant



4178 J. Phys. Chem. A, Vol. 108, No. 19, 2004 Letters

(2)

3 e e . P -
o Experiment
é‘l‘_' 2_5:— Theory IIIII-:
S r phase mod. 1
2 2:- Py -
B O15F
T "
2 1f
= ;
=~ 05
0

-B00 0 800 1600
t[fs]
(c)
: P, t=-4101fs Py, t =-230 fs P, t =101fs Py, t = 260 fs
6F
\ NaK+, 125+ \ NaK+, 125+ NaK+, 125+

D X
N e
b o
x100

23yt
2k P W |
é '\_—l"
1- NaK, 1'%+
i % s o R FRET  r TES 4 Y Y BT P Pil S P P Y PR T P I AR R P P T TR PR T
3 4 5 6 7 8 9 3 45 6 7T 8 9 3 4 5 6 7 8 9
R[A]| R[A] R[A] R[A]

Figure 3. (a) Comparison of the theoretically (dotted line) optimized phase-modulated pulse (starting with experimentally optimized pulse) with
the experimentally (solid line) optimized pulse, using CLL procedure; (b) Wigkgle distribution of the theoretically optimized pulse; (c) snapshots
of the wave-packet propagation corresponding £1¢-R410 fs), B (—230 fs), B (10 fs), and R (260 fs).

subpulse B, the B subpulse also transfers population to the  On the basis of the above analysis of the underlying dynamics

cationic state by the one-photon sequential process since thedriven by the optimized pulse, we propose the following

split part of the wave packet, before transferred hypRopagates mechanism for the optimal ionization process of NaK. It

on the 3II state as well. At later times, e.g., ak, Rhe involves an electronic transition followed by a direct two-photon

superposition of the wave packets complicates the propagationionization from the outer turning point of thé2" state. This

by interference as can be seen from the corresponding snapshotehavior supports the proposed explanation of the experimental
The separation of the early subpulses up jadéflects the optimal pulse shape given in our recent publicatighs.

motion on the Z=* state with a periodicity of~440 fs However, according to the present analysis of the theoretically
(oscillation period in the &=+ state), while after the/Aubpulse, optimized pulses, the sequential one-photon ionization process
the periodicity is disturbed by the influence of thHBstate. mediated by the 81 state takes over the important role at later

The described steps leading to the desired population of thetimes. The most distinct deviation from the experimental pulse
cationic state can be identified also from the analysis of the form is the appearance of an early subpulse-@t0 fs), which
state populations displayed on Figure 2a. It should be notedinitially populates the & state. However, this does not
that, besides excitation, dump processes also appear (see Figurafluence the proposed mechanism of the process.

2a). Because of the increased population of ther2and 311 Additional insight about the energetic and temporal structure
states, the dump processes appear at 160, 620, and 1140 fs froraf the optimal pulse can be gained from the Wign¥ille

the Z=* to the ground state and at 1000 and 1460 fs from the representation shown in Figure 1b. The dominant feature is the
31 to the 2=* state, and consequently, a stairlike behavior in increase of the photon energy with time. This upchirp in the
populations of these states is present. Moreover, §fseiBpulse energy regime, 1.591.63 eV, can be qualitatively explained
causes the largest increase in the population of the cationicby an overlap between the propagating wave packet on'ffie 3
states, showing the important contributions of the later subpulsesstate and the successively higher-lying vibronic levels of the
with low intensities. cationic state. For an identification of the quantitative features,
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amplitude and phase modulations would be more adequate. (4) Kosloff, R.; Rice, S. A.; Gaspard, P.; Tersigni, S.; Tannor, D. J.

However, the XFROG trace obtained from our experimental Che(rg)- Fjﬂé’zﬁa&y? é%})'itz Phys. Re. Lett, 1662 62, 1500
result! also shows a pronounced upchirp in full agreement with  (g) assion, A.; Baumert, T.; Bergt, M.; Brixner, T.. Kiefer, B.. Seyfried,

the features displayed in Figure 1b. Moreover, the upchirp hasV.; Strehle, M.; Gerber, GSciencel998 282, 919.

been found to enhance the NaK ion signal according to our gg E(;'\;‘v?fth-?MiiﬁfféGﬁh?Eﬂ;b*}%’;Cﬁggﬁgg;gb ?,1592 209
recent chlrp-dependent eXpe”me?ﬁs' . L. 9) Dapiei, C Full, J.’; Gon’ﬁés, L.; L’upulescu, C.; Manz, J.; Merli,
To verify the robustness of theoretically optimized pulses, A vajda, S; Woste, L.Science2003 299, 536.

we have used the experimentally optimized pulse as an initial ~ (10) Braun, M.; Engel, VZ. Phys. D1997 39, 301.

; ; ; ; ; (11) Schwoerer, H.; Pausch, R.; Heid, M.; Engel, V.; Kiefer JAChem.
guess, and the resulting comparison is shown in Figure 3. ThePhys.1997, 107, 9749,

experimental pulse is again roughly reproduced, and the leading  {12) Shen, z. W.; Chen, T.; Heid, M.; Kiefer, W.; Engel, Eur. Phys.
features of the theoretical pulse remain unchanged with respect. D 2001, 14, 167.

i i i initi (13) de Vivie-Riedle, R.; Kobe, K.; Manz, J.; Meyer, W.; Reischl, B.;
tOfthIgSe Obaami_?] by ta.klnglf;WO GaUSZIanS as af? Inlthl g.uezsRutz, S.; Schreiber, E.; Véte, L.J. Phys. Chem1996 100, 7789.
(cf. Figure 1). The main differences between the optimize (14) Nicole, C.; Bouchee, M. A.; Meier, C.; Magnier, S.; Schreiber,

pulses obtained with distinct initial guesses concern relative E.; Girard, B.J. Chem. Phys1999 111, 7857.

intensities of the weaker subpulses, which lead only to very _ (15) Pesce, L.; Amitay, Z.; Uberna, R.; Leone, S. R.; Ratner, M.; Kosloff,
small relative changes of the time dependent populations (cf. X 7 Cem: Phys2001, 114 1259.
9 p pop " (16) Sundermann, K.; de Vivie-Riedle, B. Chem. Phys1999 110,

Figure 2b). The WignetVille representations of both theoreti- 1896,
cally optimized pulses are almost identical verifying the  (17) Hornung, T.; Motzkus, M.; de Vivie-Riedle, B. Chem. Phys2001,

; i 115, 3105.
robustness of the denyed pulses a_nd_therefore the vaI|d|ty_ of (18) Hormung, T.: Motzkus, M.: de Vivie-Riedle, Rhys. Re. A 2002
the proposed mechanism. These findings have been obtainegs 021403,
only if the continuum of the cationic state has been taken into  (19) Gregoire, G.; Mons, M.; Dimicoli, I.; Piuzzi, F.; Charron, E.;
account as described above. Dedonder-Lardeux, C.; Jouvet, C.; Martrenchard, S.; Solgadi, D.; Suzor-
Weiner, A.Eur. Phys. J. D1998 1, 187.
(20) Shen, Z.; Engel, V.; Xu, R.; Cheng, J.; Yan, X.Chem. Phys.
IV. Summary 2002 117, 6142.
. . 21) Rodriguez, G.; Eden, J. @hem. Phys. Lettl993 205 371.

The agreement between experimentally and theoretically §223 Rodriguez, G.; John, P. C.; Eden, J).I;GChem. ghysfg% 103
optimized pulses, which is independent from the initial guess, 10473. ) _
achieved in this contribution, shows that the shapes of the pulses_ (23) Pausch, R.; Heid, M.; Chen, T.; Kiefer, W.; Schwoerer) FChem.

: hys.1999 110, 9560.
can be used to deduce the mechanism of the processeg (24) Pausch, R.; Heid, M.; Chen, T.; Schwoerer, H.; Kiefer MRaman

underlying the optimal control. In the case of the optimization Spectrosc200q 31, 7.
of the ionization process in NakK, this involves a direct two- _ (25) Uberna, R.; Amitay, Z.; Loomis, R. A.; Leone, S. Raraday

; _ Discuss.1999 113 385. .
photon resonant process followed by a sequential one-photon (26) Bartelt, A Minemoto, S.: Lupulescu, C.: Vajda; ®/oste, L.Eur.

process at allater timg. _  Phys. J. D2001, 16, 127.

These findings obtained on the simple system are promising (27) Vajda, S; Bartelt, A.; Kaposta, C.; Leisner, T.; Lupulescu, C.;
for using the shapes of tailored pulses to reveal the nature ofMinemoto, S.; Rosendo-Francisco, P./$% L.Chem. Phys2001, 267,
processes involved in the optimal control of more complex ~~(5g) vajda, S, Lupulescu, C.; Bartelt, A.; Budzyn, F.; Rosendo-

systems. Francisco, P.; Wste, L. In Femtochemistry and Femtobiolgg®ouhal,
A., Santamaria, J., Eds.; World Scientific Publishing: Singapore, 2002; p

o 472.
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