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We demonstrate that the semiclassical field-induced suff@pping (FISH) method (Mitti et al., Phys. Rev. A 2009, 79,
053416) accurately describes the selective coherentaimftelectronic state populations. On the example of thengtrfield
control in the potassium dimer using phase-coherent dquidke sequences, we present a detailed comparison betw&dn F
simulations and exact quantum dynamics. We show that fait ludses the variation of the time delay between the suleguls
allows for a selective population of the desired final stai#h \Wwigh efficiency. Furthermore, also for pulses of longeret
duration, when substantial nuclear motion takes placendufie action of the pulse, optimized pulse shapes can béebta
which lead to selective population transfer. For both typepulses, the FISH method almost perfectly reproduces xhete
guantum mechanical electronic population dynamics, fiaslking account of the electronic coherence, and descrileeleading
features of the nuclear dynamics accurately. Due to thefgigntly higher computational efficiency of FISH as a trajeg-
based method compared to full quantum dynamics simulatitis offers the possibility to theoretically investigatentrol
experiments on realistic systems including all nucleareesgof freedom.

1 Introduction the electronic excitations induced by light, there are s#ve
important application areas such as e.g. ultrafast spsxipy
Light-induced ultrafast dynamical processes in molecs§ar  or coherent control which require the inclusion of laserdel
tems are governed by transitions between the electron@ssta into the dynamics simulations. We have recently developed
which arise either through the interaction with electromag the field-induced surface hopping method (FI3Hhich al-
netic fields or due to the intrinsic nonadiabatic couplingeT lowed us to simulate the laser-driven multistate dynarmics i
theoretical description of such phenomena which are fundacomplex molecular systems. Our approach is based on the
mental for photochemistry requires efficient methods far pe idea to combine classical nuclear dynamics with quantum me-
forming coupled electron-nuclear dynamics simulationse T  chanical electronic state population dynamics and to aflmv
largest obstacles preventing the use of fully quantum nrecha trajectories to switch between the electronic states itoaya
ical approaches for complex systems are the inability te prewith Tully’s surface hopping method. However, the switch-
calculate accurate global potential energy surfaces itiditul  ing probability is determined both by nonadiabatic cougsin
mensional systems as well as the tremendous cost of fullquarms well as by external electric fields. This method is widely
tum wavepacket dynamics simulations which restricts theirapplicable for the theoretical description of light-inedody-
application to systems containing only few atoms. Thus, thenamical processes in molecular systems. Specifically, we ha
direct dynamics employing classical trajectories proped)a recently simulated spectroscopic observables such as time

"on the fly” using various quantum chemical methods has beresolved photoelectron spectfa?®or harmonic emissioft.
come one of the major computational tools for the treatment

of complex systems. In the field of nonadiabatic dynamics, a. A pgrtlcularly Important application area of FISH simula-
particularly successful method is the mixed quantum-daks tions is the coherent c_ontrol of r.“o'e"“'ar processes by op-
dynamics based on Tully’s surface hopping apprédahhich tmall;g_g?aped laser flglds. Stimulated .by theorical con-
has in recent years been combined with ab initio molecular dyCeptsz ; the progress in laser pu_lse _shapmg t(_echnolpgy has
namics and has provided valuable insight into the mechanis ed to numerous experimental realizations allowing for mpan

of various photochemical and photophysical proces@&sit ulation of photochemical and photophysical processes en th

i 37 ; i 138-41
should be noted that while most nonadiabatic dynamics simime scale of nucled?~"and electronic motioff~**and for

i . Py
ulations have been carried out without explicitly consicigr control of thg outcome and yield of chemlp al reactn‘i)?tjé. :
The most widely used control strategy relies on the itegativ

2 Freie Universiit Berlin, Fachbereich Physik, Arnimallee 14, D-14195 optlmlzatlo_n_ (_)f the control field in the closed-loop leamin
Berlin, Germany; E-mail: mitric@zedat.fu-berlin.de scheme utilizing the response of the molecular system as a
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feedback signal, as theoretically proposed by Judson and Ratic investigation of coherent control in the framework lod t
bitz#®> and subsequently applied in several pioneering expersemiclassical FISH method.

imental studie®®-°C  However, in this way complex pulse  We demonstrate that the FISH method accurately describes
forms are usually obtained and their interpretation isrofeg  the coherent electronic processes induced within the SPODS
from being obvious. Therefore, the efficient simulationof ¢ control scheme and gives results which are in almost per-
herent dynamics driven by shaped laser fields is highly defect agreement with the exact quantum dynamics simulations
sirable in order to reveal the mechanism underlying the conThus, due to its applicability to complex systems with many
trol and to establish the connection between the experimerdegrees of freedom, the FISH method is suitable for the simu-
tally optimized pulse shapes and the intrinsic dynamical pr lation of coherent control in systems ranging from polyatom
cesses. In this context, as already demonstrated on sevel@io)molecules and clusters to complex nanostructures and
examples, our FISH method offers a uniquely powerful toolsupramolecular assemblies or systems interacting witin the
for the simulation of control experiments in complex molec- environment such as solvent or surfaces.

ular systems. Since the electric field is directly included i  The paper is organized as follows: First, the field-induced
the dynamics simulations, it can be theoretically optidize  surface hopping method is briefly reviewed and the compu-
analogy with the experimental closed-loop learning apginpa tational details are presented in Section 2. Subsequéntly,
which we have illustrated on the example of selective iso-Section 3 the results are presented and discussed. Fiaily,
merization of a Schiff base molecular switéh Furthermore,  clusions are given in Section 4

the FISH method can also directly utilize experimentally op

timized laser fields in order to reveal the cqntrol meche_misr_nz Theoretical Formulation

as we have shown on the example of optimal dynamic dis-

crimination of two spectroscopically almost identical ftev 2 1 Field-induced surface hopping (FISH)

molecules®. The applicability of the FISH method to the

control of dynamics in the condensed phase has also been réhe detailed description of FISH simulatidisas well as
cently introduced in the framework of the quantum mechani-Several applications to complex molecular systé& 2152

cal/molecular mechanical (QM/MM) approé?h have been provided previously. Briefly, the idea of the FISH

Since the FISH method employs classical trajectories formGt.hOCI IS to extenq the appl|ce_1b|llty O.f S“rf'c?ce hoppmg-s_|m
lations to laser-driven dynamics by including the cougplin

the nuclear dynamics, the fundamental question has to be aé— . . . .
. . . . etween electronic states due to the interaction with tee-el
dressed to which extent it can take into account the eleictron

and nuclear coherence effects which are at the heart of the C(t)romagnetlc field. In this way, classical trajectories awpp-

herently controlled dynamics. In our previous work we haVegated in a manifold of several electronic states, and thalpep

tion transfer is described by allowing the trajectoriestitch
already demonstrated thaF the_FISH method can perfep tly ret:?etween the states accord)i/ng to qu%mtum r{"nechanically{:alcu
produce the coherent Rabi oscillations between two eleictro lated transition probabilities. For performing the EISkhei
states in a two-level model system. Moreover, we have show tions, three steps are neéded' First the initial ensembl
on several one-dimensional systems that the FISH method Fajectc,)ries is generated, e.g l:;y san;pling the quantum me-
most perfectly reproduces the results of full quantum dy'namchanical Wi nerdistributi7on.fu.nction Second. each
ics simulationg®?”. In this contribution, we focus on the 9 ' ' ey

strong field control and investigate systematically thditstbi IS propaga tedin the manifold of ground gnd exm_ted eleatron
states using classical molecular dynamics. Notice, théarso

of our'FISH method to describe cqherent PrOCESSES IN & SY¥o FiSH simulations have been performed both in the frame-
tem with several coupled electronic states. We have chosen L ) .
ork of ab initio methods (TDDFT) as well as using semiem-

the potassium dimer as g_protqtype since accurate po.temig\grical methods for the electronic structure. Third, pliab
energy curves and transition d|pole_ moments are availabl he propagation of classical trajectories, along eackdtajy
Moreover, the strong field control using the §elect|ve papul }he time-dependent Sdbdinger equation is solved in the man-
tion of dressed state_s (SPODS) s_cheme, Wh5'Ch was prewouslyold of adiabatic electronic states coupled by the lasdd fie
experimentally applied to potassium atot#i$®, has been al-

i, o ) dy,;
ready demonstrated on this molecular example using quantufn(t) and by the nonadiabatic coupling terBg = (4| 5")

dynamics simulatior®. Within SPODS, the excitationto a iR (t) = E(R(t))c(t)

manifold of excited electronic states by a phase coheramt do ) . .

ble pulse sequence is used to manipulate the final stategsopul -2 ['h—D” (R()) + i (RE)) - E(1) | (1),
tion. Almost perfect selectivity in populating differerarget . 1
states has been achieved by varying the time delay between @)

the two subpulses. Therefore, due to its conceptual clarityFrom the quantum mechanical amplitudg&) the density
the SPODS control scheme is particularly suitable for sgste  matrix elements are calculated gg = ¢'c;. Since the di-
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agonal elements of the density matrix correspond to the pog a) m—T—— T — b)) T
ulations of the respective electronic states, their charage 5
be used to devise a stochastic procedure for switching &he tr 4

jectories between different electronic states. In this,vilag
hopping probabilities are determined in each nuclear tie s
from the change of the quantum electronic state population
pii according to

E (eV)

. S N\O(h. ) Pl Pjj

P|~>J O( pll)e(plj) Pii ZKG(pkk)pkkAt (2)
and used in a stochastic process to decide if a state switc
occurg”%’. The O functions have a value of one for posi-
tive arguments and of zero otherwise. The smooth electroni
state population as a function of time is then obtained by av:
eraging over the ensemble of trajectories. Notice, thatFIS 0 | Y
simulations can be straightforwardly extended in ordento i 5 10 15 5 10 15
clude other types of couplings such as e.g. magnetic dipol R (a,) R (a,)
coupling which can be used to simulate the dynamics of chi-

ral systems driven by polarized laser fields. In the samét,spir Fig. 1a) CAS-MRCI potential energy curves for the Staxds,
the FISH method has been recently also extended in order tRlZLT, 41237 21|‘|g and gza of K2. b) Transition dipole morﬁems

!nclude the spin-orbit COUp.“rﬁ' Thus, the FI.SH mgthod between the\'s| and theX'£], 415, 2'NJ and 35 states as a
is a general framework which allows for the simulation andy . tion of the internuclear distance

control of laser-driven processes in complex molecular sys

tems. We wish to emphasize that in our simulations, we have

specifically considered nuclear dynamics on field-freepote ;o ginole moments for the #dimer. For this purpose, the
tial energy surfaces and have not explicitly accountedter t o |evel multireference configuration interaction (MRCI
deformation of the potentials due to the laser fields. Howeve . iho#9-62\yas employed as implemented in the MOLPRO
since the deformed light-induced potentials can be regeade  o4ram packad®. As reference states in the MRCI calcula-
linear combinations of the unperturbed potentials which ar tion, the state-averaged complete active space selfstensi
recovered after the pulses have ceased, it makes in pencipkgq (CAS-SCF) wavefunctiorfé-65were used. The K atoms
no difference which potentials are used for the propagationyere described using a 1-electron effective core potéiitial
In particular, the effects of resonant Stark shift which e together with a (7s5p7d2f)/[6s5p5d2f] Gaussian bas sat
fundament of the SPODS scheme are fully covered also whegg)| 4 the core polarization potential from Rf. The active
the nuclei are propagated on the field-free potentials. Thgp,ce for the CAS-SCF calculations was constructed from the
sole contribution negl_ectgd in this gpproach is the aguqu one occupied and 15 virtual orbitals. Subsequently, the MRC
force component originating from dipole moment derivaive 5\cjations including single and double excitations fraln

which plays a significant role only at very high field strergth - oerence wavefunctions have been performed. This approac
Although there have recently been several attempts t@btrai has previously been proven to yield precise results 71
forwardly extend our FISH method by including these effects 1,4 potential energy curves for thés;, ALs:+ 4lzg+ 21|—|g

the appllcabll_ny of S.UCh approaches hasgso far beer_1 reedric and 53} states as well as the transition dipole moments be-
only to one-dimensional model systetfs$® Its extension to- 9

15+ 15+ +
wards real systems would require the analytic "on the fly2 cal V€N thex“2y andA™2, as well as between the's and

culation of dipole moment derivatives in electronicallgited  the higher-lying 4%, 2'M§ and 83 states have been cal-
state which would severly increase the computational cbst otulated in the range between 5.25 and 2.0
the simulations.

2.2.2 Quantum dynamics simulations. The quantum
dynamics calculations have been carried out employing the
grid-based numerical solution of the nuclear Schinger

2.2.1 Ab initio potential energy curves and transition  equation using a second-order difference propadatofhe
dipole moments.Both the quantum dynamical as well as the values of the potential energy as well as of the transitipolei
FISH simulations have been performed using precalculatedhoments at the 256 grid points for nuclear distances between
potential energy curves and distance-dependent elerne t 4 and 158y were obtained by B-spline interpolation. As initial

2.2 Computational Procedures
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2.2.3 FISH simulations. For the FISH dynamics, 300

R4 initial conditions were sampled from a canonical Wigner dis
tribution function at 10 K, and the nuclei were propagated
0.8 classically in the respective electronic states by solthey
= Newtonian equations of motion using the velocity Verlet al-
£ 0.6 gorithm’273with a time step of 0.2 fs. The total propagation
% time was the same as for the quantum dynamics. The neces-
é‘ 0.4 sary forces have been obtained "on the fly” from the numeri-
cal gradients of the potential energy curves. Accordindnéo t
0.2 FISH procedure, the trajectories were allowed to switch be-
tween the electronic states in a probabilistic manner. Irisr t
0.0 purpose, the time-dependent Satinger equation (1) was in-
1.0 tegrated numerically in the basis of the electronic statasga
the nuclear trajectories, employing a time step dfog® fs.
0.8 Notice, that in the present contribution only the dipole -cou
- pling between the electronic states was taken into accouht a
2 0.6 the nonadiabatic couplings present in Eq. (1) were neglecte
% The probabilities for hoppings between the electronicestat
g 0.4 were calculated from the quantum mechanical state popula-
A~ tions pji = ¢'c; according to Eq. (2). In order to improve the
0.2 statistics of the hopping events, the whole ensemble a&linit
- conditions was propagated twice.
0.0 L ' L - 2.2.4 Pulse optimization. The ability of longer laser
12.0 12.5 13.0 pulse sequences to selectively populate a chosen excited st
T (fs) has been examined by optimizing a double pulse sequence in
a restricted parameter space. For this purpose, the fiedarpar
Fig. 2 Final state population after excitation with a short eterization given in Eq. (3) has been generalized to
phase-coherent double pulse laser field as a function of the time
delayt between the two subpulses [cf. Eq. (3)]. E(t) = E1e72ln2((tfrl)/Atl)zé'wl(tfrl)
+ Eze*2|n2((t*Tz)/Atz)Zeiwz(FZT1+T2)_ @)

condition, the lowest vibrational eigenstate of the ef®uit  Using a genetic algorithit the field parameters have been op-
ground stat&X'Z] was chosen. The time step for the dynam-timized with the target to maximize the population of tA€1g

ics was 0.005 fs, and the propagation was performed over 6ate after the field has ceased. The optimization procedure
fs. The laser coupling of the electronic states was destbge was performed employing FISH simulations with a smaller

the electric dipole interactior iij (R(t)) - E(t). The electric  ensemble of 72 trajectories.
field was parameterized in the time domain according to

, - _ 3 Results and discussion

Et) = (Ele—Zan(t/At) 1 Epe2n2((t-1)/A0) elwor) gt (3)
The calculated potential energy curves fog #hich serve

as a basis for quantum dynamical and FISH simulations are

presented in Fig. 1a). We consider the electronic ground

(4.17- 10°W/cn?) andE; — 0.005a.u. (8.78- 10“W/cn?). s'iatexlzg andjourelect_ronically excited statefslzj., 4125,

The polarization of the field was assumed to be wh re- 2 g and 524). The first optically allowed excited state
spect to the internuclear axis of the molecule. For the puIséAlZLT) can be easily reached in a single photon process with
delay T, different values in the range from 11.8 to 13.1 fs 830 nm light. The three higher excited state&#, 2'Tg
have been employed. Experimentally, such ultrashort femand BZ] lie closely together and are, also using 830 nm ex-
tosecond pulse pairs with precisely adjusted time delay (ugitation, in principle accessible from th&'>; state. This

to a precision of 0.3 attoseconds) have been recently eghliz opens a possiblity to control the population of these higher
by Baumert et al. and have been applied to the SPODS contreixcited states by using phase-coherent double pulses\as pre
in potassium atonTs. ously demonstrated by Wollenhaupt and Baurtferthe rele-

with a frequencywy of 1.49 eV (830 nm), a width ofit =
14.1 fs and amplitudes for the subpulseskf= 0.0011a.u.
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Fig. 3(a) Temporal field strength (blue) and relative temporal phaserig. 4 (a) Temporal field strength (blue) and relative temporal phase
(red) of the double pulse with time delay12.0 fs. The field (red) of the double pulse with time delay12.9 fs. b)/c)

strength is given in atomic unitsgl. = 5.14- 101V /m). b)/c) Time-dependent electronic state populations obtained by quantum
Time-dependent electronic state populations obtained by quantum gynamics (b) and by employing the FISH method (c).

dynamics (b) and by employing the FISH method (c).

In order to examine the details of the electronic state popu-
vant transition dipole moments between the consideredsstat |54ion dynamics within the FISH method and to validate them
strongly depend on the internuclear distance as shown in Fi%gainst the full quantum mechanical results we presentja Fi
1b). 3 and 4 the resulting time-dependent populations obtaised u

In order to explore the ability of the FISH method to de- jng the values off=12.0 fs and 12.9 fs which correspond to
scribe coherent control of the electronic state populafi®n  the maximal final populations of thé & or 557 states, re-
have, following Ref®, first performed FISH simulations us- spectively. In Fig. 3a the excitation field (blue line) tdyet
ing excitation with the field given in Eq. (3) and systematica \yjth the relative temporal phase (red line) is shown. Thespha
varying the parameter in the range from 11.8 fs to 13.1fs. gmoothly varies between zero ard2.1. The population dy-
For comparison, numerically exact quantum dynamics simunamics obtained fully quantum mechanically and in the frame
lations have been also performed. The resulting dependenggork of the FISH method are presented in Fig. 3b) and 3c).
of the final electronic state population on the time defag |y poth cases, the ground state population is transferrad vi
presented in Fig. 2. As can be seen from the quantum dygansient occupation of th&'; and 2 finally to the 8%
namical simulations, the time delay has a strong influence ogtate. The final population of this state reaches in bothscase
the final population of the£] and 8% states such thatal- ahout 75 %. Overall, the time-dependent populations o&tain
most complete reversal of the corresponding populations caysing the FISH method follow closely the full quantum me-
be achieved. Specifically, maximal population of th&#  chanical results. Notice, that our quantum mechanical and
state of~ 75% is obtained for=12.0 fs while the population  F|SH simulations do not employ the rotating wave approxi-
of the 5"25r state is kept below 10% in this case. In contrast,mation, in contrast to the simulations of R&f. Therefore,
for 1=12.9 fs the population of the'&] is maximized while  our electronic state populations exhibit additional sroatil-
the population of the JZEJ remains lower than 10%. As can lations corresponding to the counter-rotating correctiorthe
be seen from Fig. 2b), the semiclassical FISH simulations alrotating wave approximation.
most perfectly reproduce the quantum dynamics resultseof th  For 1=12.9 fs the overall envelope of the electric field is un-
final electronic state populations. changed, but the relative temporal phase varies now from zer
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to ~ -2.1 as shown in Fig. 4a). This phase change leads to
dramatically different dynamics. The resulting state pgapu
tions are presented in Fig. 4b for the full quantum and in Fig.
4c for the FISH simulation. In both cases, after initial popu
lation of theA'Z state, the 4§ state starts to be populated
immediately and reaches a maximal value of 80 % after 30 fs.
Subsequently, large-amplitude Rabi oscillations leaddp-p
ulation transfer back to th¥'Z{ and Az states, and also
partly to the 2Ny state. After 38 fs the population of 2§
state has diminished to a value of only 4 %. However, after 40
fs the 425 state begins again to be populated, reaching a fi-
nal value of almost 75 % after the pulse has ceased. Again,
the comparison between full quantum and FISH dynamics
shows perfect agreement. These findings clearly indicate th ~ 0.010F
the FISH method is adequate for simulation and control of 7 0.005
coherent electronic state population dynamics in a mahifol ; 0.000
of several coupled electronic states. Since the FISH metho( 5 -0.005
as we have previously demonstrated, can be straightfotward 9010

coupled with either ab initio or semiempirical molecular dy lo—- ~ T 7
namics, this opens a possibility to control coherent etewtr 0.8 _'
processes as well as to simulate time-resolved spectrigscop § - ]
in complex systems such as biomolecules interacting wghth = .
environment, which is far beyond the reach of full quantum & %4 ]

dynamics simulations. 0.2

The ability of the FISH method to correctly describe the 0.0
coupled electron-nuclear dynamics in a manifold of severa o——— " T 7
electronic states is not restricted to the short pulse Jlimit _08 ©) ! -
which no significant nuclear motion occurs, but also applies £ ¢ ]
to the case in which the laser pulse duration is longer and th 3 Bl h
internuclear separation changes considerably. In ordér to £ .

lustrate this, we have optimized a double pulse sequence ¢ 0.2

longer time duration with the aim to maximize the final pop- 0.0 |
ulation of the 2y state. The resulting pulse as well as the 0 %0 100 lf?fs) 200 250 300
time-dependent electronic state populations for both tizag

t””.‘ dynamlc_al_and the FISH simulation ar_e shpwn in Fig. 5’Fig. 5 (a) Temporal field strength of the optimized long double
while the optimized pulse parameters are given in Table &. Th pulse with time duration of about 150 fs. b)/c) Time-dependent

first subpulse indgces poplulation transfer between thengfou gjectronic state populations obtained by quantum dynamics (b) and
state and the excitetE[, 5'Z] and 2y states until#130 by employing the FISH method using the ensemble of 300

fs. Under the influence of the second pulse at later times onlytajectories (c).
Rabi cycles between the ground state and ﬂﬂg&ate are
induced, while the populations of all other states remany ve
small. Finally, when the field ceases, %ﬂ% population of

~ 70 % is reached. Comparison between the exact quantum
dynamics (Fig. 5b) and FISH (Fig. 5c) clearly shows that
also in the case where the the wavepacket moves substantiall
during the action of the pulse, the FISH electronic state pop
ulations agree very well with the full quantum dynamics re-
sults. The time evolution of the probability distributiofts

the internuclear distande and the corresponding momentum

P is illustrated in Fig. 6 for both the full quantum dynamics
and the FISH dynamics employing the optimized pulse from
Fig. 5. As can be seen from Fig. 6a) the main part of the
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Table 1 Optimized pulse parameters for maximizing the population FISH
of the 21y state [cf. Eq. (4)]. a) 12
Parameter Value !

= 271310 Jau. =

W 1.521 eV z ?

Wq 73.54 fs 8

to1 120.8 fs 7

E, 8.39010 3 a.u. .

w 1473 eV 0 500 1000 0 500 1000

Wo 86.48 fs t(fs) t (fs)

to2 151.6 fs C) 30 p—

position wavepacket, starting from the ground state mimmu
around 7.4ay, steadily moves to larger internuclear distancess
until it reaches the outer turning point at 1@d after ~ 350
fs. Since the field has already ceased after 250 fs, the subs
guent dynamics is dominated by the wavepacket oscillation i e 30
the 2’LI‘Ig state with a period of 750 fs. Similarly, also the 0 f(?f) 1000 0 15(?8) 1000
momentum oscillates with this period [cf. 6¢)]. The same be-
haviour is seen for the FISH simulations [cf. Fig. 6b) and d)] Fig. 6 Position and momentum probability distributions for the
Notice, that for comparison with the full quantum mechani-dy“ami?s induced by the optimzed double pulse shown in Fig. 5a)
cal simulation the FISH probability densities lRandP have ~ €MPloying quantum dynamics [a) and c)] as well as the FISH
been obtained by convoluting each trajectory with a GanssiamethOd [b) and d)]. The labeb denotes the B°hf iy adius, .
function of width 0.15a, in position and 2'551 in momen- ag = 0.529A. que color.represgr.lts zero probability density, yellow
h nd red denote increasing positive values.
tum space and averaging over the whole ensemble. Althoug%
the overall agreement is very good, after 700 fs the quantur-
dynamics simulation exhibits characteristic interfeeefiea- - L 0
tures which are a consequence of nuclear coherence. Sui.
phenomena fundamentally cannot be present in FISH simi=
lations due to the purely classical propagation of the rarcle
degrees of freedom. However, we emphasize that the effect (
the electroniccoherence is fully accounted for since the elec-
tronic degrees of freedom are propagated quantum mechar 15 EERIE
cally according to Eq. (1). Further insight into the quantum _
and FISH dynamics can be obtained by analyzing the dynamig
cal processes in terms of the phase space distributionhBor t = -
purpose, the quantum mechanical nuclear wavepagkeRs
have been Wigner transformétas

1/a¢)

1050 fs \ 1200 fs

WRP) = Y W(RP)

P (1/a)

= 3[R R HHR )6

where the index denotes the respective electronic state. As

can be seen from Fig. 7 the main part of the quantum me EREUA LA S A S
chanical Wigner distribution exhibits an elliptical mation

the phase space as it is expected for a bound potential. Irkg. 7 Quantum mechanical Wigner distribution function for
terestingly, after 300 fs negative contributions appeathan  selected timesteps of the dynamics driven by the optimized double
distribution which can be attributed partly to portions bét Pulse from Fig. 5. Violet areas correspond to negative values of the
wavepacket moving in other states than the mainly populatea'smbu“o”' blue to zero, yellow and red to increasing positive
2'Mg, and partly to quantum mechanical nuclear interferences’ -
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Fig. 8 Classical phase space distribution obtained from FISH
simulations for selected timesteps of the dynamics driven by the
optimized double pulse from Fig. 5. Blue areas correspond to a
value of zero for the distribution, yellow and red to increasing
positive values.

The semiclassical FISH phase space densities shown Fig.

are obtained by folding the individual trajectories withuSa
sian phase space functions of width 0dgpfor the position
and 2.5a51 for the momentum variable. They exhibit very
similar evolution as the full guantum mechanical Wignercfun

tions. In particular, the maxima of the phase space density
evolve almost identically in the quantum and FISH simula-

tions, whereas the width of the classical distribution lnees
slightly larger for later times of the dynamics. Regardihg t

can accurately describe coherently driven electron-raudg-
namics in a system with several coupled electronic states.
Moreover, we have shown that the coherent control of a two-
photon electronic excitation and selective state popuiati
can be achieved in the framework of the FISH method. This
opens the possibility to control photochemistry and photo-
physics in complex molecular systems since the FISH method
has already been implemented in the framework of the ab ini-
tio and semiempirical molecular dynamics "on the fly”.
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