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I. INTRODUCTION

After the first fundamental approaches to quantum control of chemical reac-
tions [1-4], the field has been developed to a powerful tool for driving reactants
to specific products, beyond traditional chemical kinetics or photochemistry, see
e.g. the reviews [5, 6] and the monografies [7, 8]. The early methods employed
so-called “analytical” laser pulses which can be expressed by means of formulas
with few parameters [1-3, 5-8]. Optimal control [2, 4, 9, 10], and further exten-
sions to adaptive design of optimal laser pulses by means of feedback learning
algorithms [11] have introduced much more flexible laser pulses, with myriads
of parameters, stimulating the break-through [12] to impressive experimental
applications [13-16]. Nevertheless, the original approaches based on analyti-
cal laser pulses remain useful, e.g. they may serve as a start, or reference for
subsequent optimizations. Moreover, they allow rather easy interpretations of
the underlying mechanism of laser control [1, 2, 5, 7, 8], in contrast with most
applications of optimal laser pulses [12-15]; for an exception, see Ref. [16]. It
remains an important task, therefore, to extend the previous approaches based
on analytical laser pulses to new domains of applications.

The present paper demonstrates two extensions of quantum control based on
analytical laser pulses: First, we shall apply the pump-dump approach of Tannor
and Rice [17] to break preferably the stronger bond of a molecule, not the weaker
one, for a new scenario where a single laser pulse would break either the weaker
bond, or both. For this purpose, we shall design the laser driven path to selective
bond-breaking, which may appear somewhat counter-intuitive, on first glance:
The pump laser pulse excites the system to a transient highly excited electronic
state which would induce double bond breaking. This impending disaster will



be turned into an advantage, however, i.e. preferential breaking of the strong
bond, by means of the dump pulse.

Second, we present new aspects of extensions of quantum control, from nu-
clear to electron dynamics. Historically, the first example is the prediction [18]
and experimental demonstration [19] of coherent control of uni-directional elec-
tron currents in solids by means of interfering one- plus two- or multi-photon
excitations, analogous to coherent control of nuclear dynamics [1, 8]. Here, we
investigate an alternative extension based on m pulses (cf. Refs. [3, 20, 21]) or
/2 pulses (cf. Refs. [22, 23]), in order to excite state-selective electronic ring
currents [24] or electron circulation [25, 26] in ring-shaped molecules, respec-
tively. For the previous quantum control of nuclear dynamics, we have designed
efficient 7 or /2 pulses with many cycles in the IR spectral domain, and with
durations from few hundred fs to few ps, see also Refs. [5, 6, 23, 27, 28]; for
early applications to non-reactive processes, see also the pioneering paper [29].
In contrast, analogous quantum control of electron dynamics calls for 7 or 7/2
laser pulses with few cycles and with re-optimized parameters in the UV do-
main, and with durations from several hundred as to few fs [24-26], see also
Refs. [21, 30]. Moreover, linear polarizations of the laser pulses [30] are extended
to circularly polarized ones [24-26], see also Refs. [23, 31, 32]; for complemen-
tary applications of elliptically polarized or even arbitrary polarized pulses, see
Refs. [14, 22, 33, 34]. Below, we shall focus on the condition [35]

/ " et =0 (1)

for the extended applications of 7w or m/2 laser pulses with different shapes.
This condition has been disregarded for traditional, rather long pulses because
it is always fulfilled, at least as an excellent approximation, due to effects of
cancellations of positive and negative contributions from electric fields with many
cycles. However, these cancellations do not apply automatically for few cycle
laser pulses, see e.g. Ref. [36]. Here we adapt the recipe of Bandrauk and
coworkers [35] in order to design, exemplarily, few cycle /2 pulses for electron
circulation, in accord with the condition (1).

The two applications below, for extensions of pump-dump or 7/2 laser pulses,
assume that the molecules have been pre-oriented, e.g. by the methods of
Ref. [37].

II. LASER CONTROL OF PHOTODISSOCIATION DYNAMICS

A popular target for coherent control is to maximize or minimize the branching
between breaking a weak and strong bond in a polyatomic molecule. CH2BrCl
is a typical example where feedback learning algorithms [14] have demonstrated



an increase in the breaking of the strong C-Cl bond versus the weak C-Br one.
Here, we investigate the efficiency of corresponding pump-dump laser pulses.

Our reduced model is composed of the three lowest singlet adiabatic potential
energy surfaces (PES) along the two relevant ¢; = d(C-Cl) and ¢ = d(C-Br)
reaction coordinates, as calculated in Refs. [38, 39]. The corresponding states
a'A’, b'A’ and c'A’ are labelled 1, 2, 3, respectively, and in the Franck-Condon
window they correspond to the n(Br)— ¢*(C-Br) and n(Cl)— ¢*(C-Cl) tran-
sitions. The b*A’ PES has two dissociation channels along the C-Br and C-Cl
bond coordinates, but after vertical excitation the potential gradient favours
C-Br dissociation. The c'A’ state allows double bond breaking, CHy+X+Y,
supported by transitions to the b' A’ state close to an avoided crossing near the
line ¢; ~ ¢- [39].

The nuclear dynamics of the system is simulated with the time-dependent
Schrédinger equation

\?1 H11 H12 H13 \Ijl
ih| Wy | =| Hxn Hy Ha |- | ¥y |. (2)
Uy Hsy Hjzy Hss L

The time-dependent matrix elements of H;; are in semiclassical dipole approxi-
mation written as Hy;(t) = Hj; —d,; -£(t). The molecular Hamiltonian H}; con-
tains the kinetic energy T', the adiabatic PES V', and the non-Born-Oppenheimer
coupling, which as a first approximation is neglected. The coupling with the
laser field £(t) is described with the transition dipole operator d;;, here taken as
|d| = 0.5eap for each possible transition. The electric field comprises a pump-
dump sequence £(t) = £, (t) + £,(t) with time delay t4.; = t, — t4, and each of
the linearly polarized pulses (I = p,d) is given by

Ei(t) = Eocos(wi(t —t) +m)si(t —t)e (3)

where e;, £o,1, wr, ;i and ¢; denote the polarization, the field amplitude, the carrier
frequency, the phase, and the time of the peak maximum, respectively, and cos?
shape

s(t) = cos® (mt/tpy) for —tpi/2 <t <tp;/2, (4)

with total pulse duration ¢, ;. Phases 7, are set to zero for simplicity. The electric
fields yield intensities [;(t) = eoc|&,(t)]? (I = 1,2) with peak values 4., =
max [;(t) and full width at half maximum (FWHM) 7, I; (£7,/2) = I;maz,/2-

Averaging over the rapid (w;) cycles, I;(t) = eoc|€,(t)]>. The corresponding
maximum intensities are then defined as Inq,; = max [;(t) = 1/2ec&Z,.

Since the Franck-Condon region lies entirely in the ¢; < ¢ side, an excitation
resonant to state b! A’ results exclusively in C-Br bond breaking, in accordance

with experiments and chemical intuition. In contrast, a pump pulse resonant
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FIG. 1: Pump-dump control scenario

for breaking the strong C-Cl bond of
CH>BrCl. The first, pump pulse creates
a wave packet in the upper excited elec-
tronic state, which evolves in time (black
dotted line). After crossing the ¢1 = ¢
(solid) line, the second pulse dumps pop-
5 ulation to the lower excited electronic
26 24 22 state, triggering dissociation of the target
g, (C-B/A bond.
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to the c'A’ state (hw,=7.17 eV, ¢, ,=27.5 fs corresponding to 10 fs at FWHM,
£0,p=3.89 GV/m, and peak intensity I,qe,p,=2 TW/cm?) creates a wave packet
which crosses the avoided crossing line in the C-Cl direction, and then it turns
to double dissociation CHs + Br + Cl, while broadening very quickly.

In order to maximize the fragmentation of the strong C-Cl bond we propose
the pump-dump control scenario as shown schematically in Fig. 1: The pump
pulse excites the molecule to the c'A’ state, and because of the shape of the
PES (vide supra) the wave packet gets momentum in the C-Cl direction. After
crossing the avoided crossing line ¢; & ¢z, the dump or control pulse de-excites
the system to the b'A’ state in the g» < q; region, where it dissociates towards
C-Cl. This pump-dump mechanism profits from a ”delicate” choice of the delay
between both pulses. On one hand, the quick broadening of the wavepacket in
the ¢! A’ state requires an early de-excitation, i.e. shortly after pumping. On the
other hand, de-excitation should be late enough so that most of the wavepacket
resides on the ¢» < ¢; side of the crossing line and with a dominant momentum
still in the C-Cl direction and not yet along the ¢; = ¢ line, i.e. the appropriate
position and momentum is obtained. As a compromise out of this dilemma, we
use a very short dump pulse with optimal timing.

The optimized pump-dump pulse sequence and the time evolution of the pop-
ulations in the corresponding states are shown in Fig. 2. The frequency of the
dump pulse, hwy=1.0 eV, has been determined after investigating the path of
the center of mass of the single-pulse-excited wave packet in the state c' A’. The
duration of the dump pulse and the time delay between the pulses have been
optimized to achieve maximal depumping in the region of the PES which leads
to C-Cl dissociation. More specifically, we have searched for i) maximizing the
depumping from b'A’ to ¢'A’, i.e. the maximum of P»/(P» + Ps), which calls
for early dump, ii) maximizing the amount of dumped population which dis-
sociates along the C-Cl coordinate; this is given by Pg(ql > q2)/]52, and calls
for a later dump pulse, and iii) the control efficiency defined as the product
P /(Py + P3) - Po(qr > q2) /P> = Po(q1 > q2) /(P2 + P3) for goals (i) and (ii).
Here, P; (i = 1,2,3) denote the asymptotic values of the time-dependent popu-
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FIG. 2: The left figure shows the electric field for a pump pulse of hw,=7.17 €V,

tpp=27.5 fs (FWHM = 10 fs), £ ,=3.89 GV/m, Tmazp=2 TW/cm?, and a dump

or control pulse of fiwg=1.0 eV, t, 4=60 fs (FWHM = 22 fs), £ ,=6.15 GV/m, and

Inmaz,d=5 TW/cmZ. The time delay t4.;=25 fs. The right figure shows the time-

evolution of the populations of different electronic states. P, P> and Ps are the

populations of states a'A’, b*A’ and c'A’ respectively. Ps|q1 > g2 is the amount of Py

which is on the g1 > g2 side of the crossing line, breaking the strong bond.

lations
Pi(t) = / / 1Wi(q1, g2, 1) Py dgs 5)

integrated over all the space. Likewise,

Polgs > g) = / / 1T (1, @2, 8)[Pdq dg (6)

integrated for the domain ¢q; > ¢ accounts for the fraction of the population Ps,
which dissociates preferably to the C-Cl direction. The wave functions ¥; are
normalized, so that Py (t) + P2(t) + P3(t) = 1 for any time ¢ .

Using these criteria (i)-(iii), we determine the optimal parameters of the dump
pulse. For example, increasing the time delay from 20 fs to 30 fs, decreases the
efficiency of depumping P,/(P + P3) but increases the ratio Py(q1 > ¢2)/Ps.
The optimum delay t4e; is chosen at 25 fs. Likewise, depumping 152/(152 + ]53)
increases but the ratio 152(q1 > q2)/ ]52 decreases with the duration of the dump
pulse. The resulting laser parameters for the optimal compromise are listed in
the Figure legend 2. With these parameters the overall depumped population,
P, /(P> + P3), measured at t=70 fs is 47.1 %, the portion of P» in the (g1 > ¢2)
region, P, (1 > CI2)/I:)2, is 86.2 % and the control efficiency P, (1 > qz)/(Pz +153)
is 40.6 % (see Fig. 2).

In summary, we have shown that a pump-dump sequence can be tailored
to induce significant fragmentation of a strong bond in a polyatomic molecule.



This is achieved by means of the apparent “detour” via the second excited state
which would lead to double bond breaking, and optimal de-excitation to the first
excited state which leads to the target product. Refinements of the model can
be accomplished by including coordinate dependent transition dipole moments
and non-adiabatic couplings. Moreover, the use of chirp [40], other polarizations,
selective momentum along the C-Cl bond [41], or ultimately feedback controlled
optimization [11] can certainly help improving the control yield.

III. LASER CONTROL OF ELECTRON DYNAMICS

In this section, laser control of nuclear dynamics is extended to electron dy-
namics for oriented molecules driven by (sub-)fs circularly polarized 7 or 7/2
pulses. The right circularly polarized laser pulses propagating along the z-
direction adapted from Refs. [24-26] may be rewritten as

cos(wit +1m1)
§1 (t) = 507181(25) sin(wlt + 771) (7)
0

with amplitude & 1, carrier frequency wy, carrier envelope phase 7y, cos® shape
function denoted s1(¢), equivalent to Eqn. (4), and duration ¢, ;. For circularly
polarized few cycle laser pulses (7), the condition (1) cannot be satisfied. Ac-
cording to Ref. [35], we suggest, therefore, a more flexible ansatz based on the
vector potential A, () such that the condition (1) is satisfied automatically,

sin(wat + 12)

Ay(t) = —Ao252(t) | —cos(wat + 1) (8)
0

with amplitude A2 = c&,2/wa. As shape function, we employ
sa(t) = cos®™ (mt/tyo) for —t,2/2 <t <t,0/2 (9)

which is very similar to a Gaussian [42], and therefore called “Gaussian” below.
From expression (8), we derive the electric field £,(t) = —A,(t)/c

cos(wat + 12) ot sin(wat + n2)
Ey(t) = Eo282(t) | sin(wat +12) | + —w’ 52(t) | — cos(wat + 12) (10)
0 2 0

For comparison of the results, we employ two laser pulses £, (t) and £,(t) with
the same durations 7g = 71 = T2 (= 1) of the squares of the envelopes s (%)
and s2(t), s; (£7E,k/2) = 1/2.



Mg-porphyrin

FIG. 3: Few cycle right circularly polar-
ized laser pulse propagating along the z-
direction (thick arrow) in order to induce
the unidirectional right electron circula-
tion in Mg-porphyrin, pre-oriented in the
z/y-plane. The thin arrows indicate the
time evolution of the electric field act-
ing on the molecule, which appears clock-
wise (“right”) when viewed along the z-
direction of propagation, from ¢ = —2fs
(o) to t = 2fs (o), compare Fig. 4.

Subsequently, we assume that the laser pulses are so short (7, < 1.5fs) that
the nuclei are essentially frozen. The laser driven electron dynamics are then
described by time-dependent electronic wave functions |¥(t)), solving the time-
dependent Schrodinger equation in semiclassical dipole approximation

iB|¥ () = H()[U(t)) = Ha| (1)) — d- £, ()T (2)) (11)

where H,; denotes the electronic Hamiltonian, and d is the dipole operator.

Below, we apply laser pulses with intensities below the ionization thresholds
(Imaz.k < 10TW/cm?). The solution of Eqn. (11) may then be expanded in
terms of electronic eigenstates |¥;) with eigenenergies E;.

(1) = 3 5o B (12)

Insertion of the ansatz (12) into Eqn. (11) yields the equivalent set of equations
for the time-dependent coefficients

ihCy(t) = —E() Y Ci(t)(W,|d|T;)e = Fi=Fa)t/h (13)

The solutions C;(t) yield the populations P;(t) = |C;(t)|? of the levels E;.

The subsequent application is for the laser pulse control of selective electron
circulation in the ring-shaped molecule Mg-porphyrin (MgP) by means of a
circularly polarized few cycle laser pulse, see Fig. 3.

The corresponding electronic eigenenergies and transition dipole matrix ele-
ments are taken from the literature [43, 44], as in Refs. [24-26]. Previously, we
have designed various re-optimized 7 pulses of the type £, (¢) in order to prepare
the system in different excited state with E,4 (or E,_) symmetry, and rep-
resenting states with state selective right (or left) uni-directional ring currents
[24]. These ring currents driven by laser pulses turn out to be much stronger,
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FIG. 4: Optimized circularly polarized laser pulses for half population transfer from the
electronic ground state X 'Ai, to excited target state 2 'F, 4 implying state selective
electron circulation in Mg-porphyrin. The figures show the z- and y-components of
two electric fields £,(¢) (Eqn. (7), dashed lines) and £,(t) (Eqn. (10), continuous
lines), the corresponding intensities I1(t) and I2(t), and the resulting populations of
the ground state X lAlg and excited state 2 'E,,. The parameters of the laser pulse
él(t) and §2(t) are 50,1 = 5.54 va_l, hwi = 1.94 eV, m = 0 [25], and 50,2 =3.94
GVm ™!, hws = 1.29 eV, i = 0, respectively. Note that, the FWHM of the squares of
the envelopes s1(t)? and s2(t)? are the same for both pulses, 77 = 0.91fs. In contrast,
the FWHM of the intensities I1(t) and I2(¢) are different, 71 = 0.91fs and 7» = 1.37fs.

e.g. 84.5 uA than traditional ones, i.e. one would need B ~ 8000T in order to
induce the same order of ring currents by permanent magnetic fields. Moreover,
we have applied different re-optimized /2 laser pulses £, () in order to prepare
so-called “hybrid” superposition states

|‘I’i,j(t)> — 1/\/§|‘Ili>e—i(Eit/h+Déi) + 1/\/§|‘Pj>e—i(Ejt/h+D(j) (14)

These are not eigenstates, i.e. they represent electron circulation, as demon-
strated in Refs. [25, 26]. Below we apply the corresponding “Gaussian” laser
pulse £,(t) with the same duration 7g = 752 = Tg,1 as for the cos? shaped pulse
£,(t). The optimal laser parameters are listed in the Figure legend 4, and the
results for £,(t) are compared with those of £, (¢) (adapted from Ref. [25]) in
Fig. 4.

Accordingly, “Gaussian” laser pulses derived from corresponding ultra-short
vector potential (7 = 910as) may be applied to induce state selective electron
circulation in oriented ring-shaped molecules. This is advantageous because
experimental “Gaussian” type laser pulse can be prepared more easily than cos?
shaped ones. Gratifyingly, the present effects of “Gaussian” laser pulses, which



satisfy condition (1) [35], confirm less rigorous previous results based on laser
pulses with cos? type shapes.

The present examples for exclusive quantum control of nuclear or electron
dynamics point to a challenge, i.e. propagatation of the joint wave packet dy-
namics of electrons and nuclei driven by laser pulses, see e.g. Refs. [45, 46], with
extended applications to quantum control.
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