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Optimal control of the initiation of a pericyclic reaction in the electronic
ground state#
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Abstract. Pericyclic reactions in the electronic ground state may be initiated by down-chirped pump-dump
sub-pulses of an optimal laser pulse, in the ultraviolet (UV) frequency and sub-10 femtosecond (fs) time
domain. This is demonstrated by means of a quantum dynamics model simulation of the Cope rearrangement
of Semibullvalene. The laser pulse is designed by means of optimal control theory, with detailed analysis of
the mechanism. The theoretical results support the recent experimental initiation of a pericyclic reaction. The
present approach provides an important step towards monitoring asynchronous electronic fluxes during syn-
chronous nuclear pericyclic reaction dynamics, with femto-to-attosecond time resolution, as motivated by the
recent prediction of our group.

Keywords. Quantum dynamics; optimal control; pericyclic reaction; semibullvalene.

1. Introduction

Laser control of pericyclic reactions in their electronic
ground states is a challenge in chemical reaction dyna-
mics. Schwebel et al. in 19841 demonstrated an impor-
tant mechanism, initiation by means of high overtone
excitations of various mode selective vibrations, in the
infrared (IR) frequency domain. This experimental suc-
cess has served, in part, as motivation for our previous
design of IR pump-dump laser pulse control of peri-
cyclic reactions.2–4 The approach relies, however, on
a prerequisite which is difficult to satisfy, i.e., strong
changes of the dipole along the reaction path. Recently,
Iwakura, Yabushita and Kobayashi could demonstrate
an alternative approach, i.e., initiation of a pericyclic
reaction in the electronic ground state, by means of an
ultrashort laser pulse in the ultraviolet (UV) frequency
domain, within less than ten femtoseconds (fs).5 De-
tailed analysis yields the mechanism, essentially intra-
pulse UV pump-dump control of the initiation. This
stimulating experiment serves as the first, general moti-
vation for the present work. Accordingly, we shall apply
optimal control theory (OCT)6–10 in order to design an
ultrashort laser pulse which initiates a pericyclic reac-
tion in the electronic ground state. The goal is to investi-
gate whether the UV pump-dump type mechanism will
indeed turn out as the most efficient way to start the
reaction.
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As specific system, we shall consider the degenerate
3,3-sigmatropic shift, or Cope rearrangement11 of semi-
bullvalene2–4,12–34 (C8H8, SBV) in the electronic ground
state, see figure 1. The reactant (R) has a chain of six
carbon atoms C6=C7-C8-C2-C3=C4 (clockwise nota-
tion) which is transformed into another chain C2=C3-
C4-C6-C7=C8 (same clockwise notation, keeping the
labels of the carbon atoms) for the products (P); here R
and P may be distinguished by isotopic labelling. Appa-
rently, the carbon-carbon bond C8-C2 (clockwise nota-
tion) is broken during the pericyclic reaction, while the
C4-C6 bond is formed. Moreover, the double bonds
C3=C4 and C6=C7 are shifted to C2=C3 and C7=C8,
respectively (double bond shifting, DBS). This peri-
cyclic reaction is similar to the Cope rearrangement of
1,5-hexadiene, except that most of the large amplitude
motions of 1,5-hexadiene are essentially frozen by the
additional ‘bridge’ of carbon atoms C1-C5 in SBV. This
constraint supports the simple one-dimensioal (1D)
model for the Cope rearrangement of SBV which has
been introduced in Reference 34, see also Reference 15.

Cope rearrangements of SBV and several deriva-
tives have already served as touchstones for various
properties that are related to pericyclic reactivity, from
synthesis12,16,21,22,29 via spectroscopy13,15,20,24,27 and
kinetics13,14,19 to electronic structure17,18,21–26,28–31,35 and
the related thermochromicity,3,21,22,24,29 ab initio mo-
lecular dynamics32, the role of tunnelling33, and the
above-mentioned quantum dynamics simulations of IR
pump-dump laser control.2–4 In particular, quantum
chemistry first principal calculations show that the Cope
rearrangement of SBV in the electronic ground state
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Figure 1. Cope rearrangement of semibullvalene, with
pincer-motion-type directionality of electronic fluxes indi-
cated by curved arrows in Lewis structures (adapted from
Reference 34.) The numbers in the reactant structure R speci-
fy the amounts of pericyclic electrons which flow between
neighbouring bonds. Symbols i and f indicate dominant ini-
tial and final fluxes of electrons, out of the bond to be bro-
ken and into the bond to be formed, respectively. Symbol
p indicates perpetual weak electronic flux during double
bond shifting. The labels for the carbon atoms (see product
structure P) are the same for R and P.

proceeds in a symmetric double well potential energy
surface (PES), with two equivalent minima represent-
ing R and P which are separated by a rather shallow
barrier.18,21,22,24,26,28–31,33 In contrast, in the first excited
electronic state, SBV has a rather steep and deep sym-
metric single well PES with large energy gap to the
potential barrier in the electronic ground state (�E�
2 eV18,20,24).

Recently, we could determine the coupled electronic
and nuclear fluxes during the Cope rearrangement of
SBV.34 The results of Reference 34 are quite sur-
prising, in view of the traditional rules for the out-
come and the associated net electron transfer during
pericyclic reactions, which is symbolized by curved
arrows in Lewis structures of the reactant36, see e.g., the
text books of organic37–41, inorganic42,43, and biochem-
istry.44,45 The corresponding valence electrons which
describe the changes of the Lewis structures, from R
to P, are called ‘pericyclic’. These electrons are com-
plementary to other valence electrons (e.g., those rep-
resenting CH bonds) or core electrons. Specifically, we
were able to identify the directionality of the fluxes
of ‘pericyclic’ electrons: It is well described by the
pincer-motion-type (as opposed to clockwise or anti-
clockwise) pattern of the curved arrows, as illustrated in
figure 1. Also, we discovered that the number of peri-
cyclic electrons which is transferred per curved arrow,
is typically between 0.09 and 0.23 i.e., much smaller

than the traditional assumption of 1 or even 2. Further-
more, we detected significant opposite fluxes of other
valence electrons. For the scenario of Reference 34,
the time scale of the Cope rearrangement of SBV was
determined to be less than 30 fs. Moreover, we could
discover that various individual processes of the peri-
cyclic reaction such as C8-C2 bond breaking, DBS from
C3=C4 to C2-C3 as well as from C6=C7 to C7=C8,
and C4-C6 bond formation, are associated with asyn-
chronous electronic fluxes during synchronous nuclear
motions. This is a significant extension of previous
investigations which have centred attention on the simp-
ler question of synchronicity or concertedness versus
sequentiality, just for the nuclear motions during chemi-
cal reactions, while ignoring electronic motions, see
e.g., References 35, 46 and 47. Some important results
of Reference 34 are summarized in figure 1.

Certainly, it is a challenge to investigate the predic-
tions of Reference 34 experimentally, using e.g., mo-
dern techniques of femto- to attosecond spectroscopy
which allow to monitor the time evolutions of valence
electrons48–51, see also References 52–60 and the
review 61. For this purpose, it will be necessary to ini-
tiate the Cope rearrangement of SBV in the electronic
ground state. This request provides the second, specific
motivation of this paper, that means we shall explore
the efficiency of the intrapulse UV pump-dump mecha-
nism of Iwakura, Yabushita and Kobayashi5, for initia-
tion of the specific pericyclic reaction, Cope rearrange-
ment of SBV in the electronic ground state. For this pur-
pose, we shall adapt the same 1D model for the nuclear
wavepacket dynamics which has been employed in
Reference 34, with extensions based on Reference 2.
The results for this idealized scenario should serve as
a reference for accurate quantum simulations of more
demanding realistic models.

This paper presents the model and techniques, the
results and discussion followed by conclusions in
sections 2, 3 and 4, respectively.

2. Model and techniques

The subsequent quantum simulations of the nuclear
wave packet dynamics representing the laser driven peri-
cyclic reaction of SBV employ the simple model of
Reference 34. It is illustrated in figure 2. The model is
motivated by the constrained mobility of SBV, as out-
lined in section 1, and also by the fact that for the sce-
nario of Reference 34, the transformation from R to
P takes less than 30 fs. This suggests that the reaction
should be induced by exciting a distinguished ‘reac-
tive’ nuclear degree of freedom (dof), called ξ , such



Optimal control of a pericyclic reaction 123

Figure 2. Optimal control of the initiation of the Cope
rearrangement of semibullvalene (SBV) in the electronic
ground state. The time evolution of the laser driven
wavepacket dynamics from the reactant (R) along the nuclear
coordinate ξ to the product (P), is illustrated by the series
of snapshots ‘a,b,c,d,e’ of the nuclear densities, at times t =
0.0 fs, 3.1 fs, 7.1 fs, 10.0 fs (the end of the laser pulse) and
t = 33.5 fs, respectively. They are embedded in the potential
energy surfaces of SBV in the electronic ground and excited
states, Vg(ξ) and Ve(ξ), adapted from References 34 and 2,
respectively. The asymptotic base lines of the densities cor-
respond to their mean energies. Also shown is the density of
the target state, eqn. (5), adapted from Reference 34 which
runs from R to P, with total energy E well above the barrier
of Vg(ξ) (dashed line). Snapshot ‘a’ shows the density of the
initial ground state �g,ν=0(ξ) of R, with energy Eg,ν=0. Snap-
shots ‘b,c,d’ illustrate the evolution in the electronic excited
state, Ve(ξ), mediated by the pump and dump sub-pulses of
the optimal control pulse, which are indicated by the vertical
arrows. Snapshot ‘d’ embedded in Vg(ξ) shows the density
of the wavepacket at the end of the laser pulse, t = τ , close
to the ‘target’ state. Subsequently, it evolves to snapshot ‘e’
representing the product P in the electronic ground state. A
small fraction of the total density is left in the excited elec-
tronic state, and runs simultaneously from snapshot ‘d’ to ‘e’
embedded in Ve(ξ).

that motion along ξ is much faster than any compet-
ing process such as intramolecular vibrational redistri-
bution (IVR) of the available energy from ξ to the other
3×16−6−1 = 41 ‘passive’ vibrational dofs. The single
dof ξ that we consider leads straight from the minimum
of the symmetric double well PES representing R to the
other one representing P. It accounts for synchronous
motions of all the nuclei during the pericyclic reac-
tion. As dominant large amplitude motion, it describes
the difference of the lengths of the two carbon-carbon
bonds C8-C2 and C4-C6 (clockwise notation, cf.
figure 1) which are broken and formed, respectively,
during the Cope rearrangement, see also Reference 15,

confirmed by Reference 32. Accordingly, the values
ξR and ξP of ξ at the potential minima representing
R and P have the same absolute values, but opposite
signs, see figure 2. The associated reduced mass is μ =
(MC+ MH)/4.15 The 1D curve of the PES Vg(ξ) of SBV
in the electronic ground (g) state which is shown in
figure 2 is adapted from Reference 34. It was evaluated
by means of quantum chemical first principles calcu-
lations based on Kohn-Sham density functional theory.
The calculations are performed with the MOLPRO62

program package, using the B3LYP functional63,64

together with the cc-pVTZ65 basis sets. The reliabi-
lity of this method concerning structures and energies
along the coordinate ξ is ensured by comparison to
high-level ab initio methods (CASPT2/cc-pVTZ and
MRCI/cc-pVTZ, CCSD(T)/cc-pVTZ, respectively). In
addition, the PES of SBV in the excited (e) state is mod-
elled as harmonic potential with empirical parameters,
as derived in Reference 2.

The initial (t = 0) state of the system representing
R is the vibrational ground state (ν = 0) which is
localized in the potential well of the electronic ground
state (g) representing R, �g(t = 0) = �g,ν=0, with-
out any component in the excited electronic state (e),
�e(t = 0) = 0. The density ρg,ν=0(ξ) = |�g,ν=0(ξ)|2 is
shown as wavepacket labelled ‘a’ in figure 2. The time
evolution of the laser driven wavepackets, �g(t > 0)

and �e(t > 0), is obtained as solution of the time-
dependent Schrödinger equation (TDSE), in semiclas-
sical dipole approximation,
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The rather simple form of the TDSE (1) applies to
the scenario of a pre-oriented, non-rotating molecule
interacting with a linearly polarized laser pulse. Pre-
orientation may be achieved e.g., by the methods of
References 66–69. The laser pulse with electric field
component E(t) should then be polarized parallel to the
transition dipole between the ground (g) and excited (e)
electronic state. The relevant component is modelled as
deg = dge = 0.3934 ea0 = 1 debye in Condon approxi-
mation. Furthermore, we neglect the dipole functions,
dgg = dee = 0. The experiment of Reference 5 suggests
a rather short duration τ of the laser pulse; we set
τ = 10 fs. Molecular rotations are negligible, indeed,
on this time scale. As a consequence, the model de-
scribes nuclear motions exclusively along ξ , with kinetic
energy operator T = −�

2/(2μ) × ∂2/∂ξ 2. Kinetic
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couplings are also neglected, in Born-Oppenheimer
approximation.

The wavefunctions �g(ξ, t) and �e(ξ, t) allow to cal-
culate all the properties which are important for the
subsequent analysis, including the densities

ρg(t) = |�g(ξ, t)|2

ρe(t) = |�e(ξ, t)|2,
(2)

the populations

Pg(t) = 〈�g(t)|�g(t)〉
Pe(t) = 〈�e(t)|�e(t)〉

(3)

where 〈. . . | . . .〉 denotes integration over the nuclear
coordinate ξ , and the energies

Eg(t) = 〈�g(t)|T + Vg|�g(t)〉/Pg(t),

Ee(t) = 〈�e(t)|T + Ve|�e(t)〉/Pe(t).
(4)

The double-motivated, specific goal of the present
investigation is to design a laser pulse E(t) which ini-
tiates the Cope rearrangement of SBV in the elec-
tronic ground state, starting from the ground state
�g(ξ, t = 0) = �g,ν=0(ξ) and yielding essentially the
same wavepacket dynamics as in Reference 34. For this
purpose, we request that at the end (t = τ ) of the laser
pulse, the laser driven wavepacket �g(ξ, t = τ) should
agree with the reactant wavefunction of Reference 34,
soon after the start of the Cope rearrangement – this
wave function will be called the ‘target wave function
�g,target(ξ)’. For convenience, we employ

�g,target(ξ) ≈ �g,ν=0(ξ − �ξ) × eikξ . (5)

The density of �g,target(ξ) is illustrated in figure 2 by
the dashed line. Apparently, the first factor in eqn. (5)
describes the shift of the initial wavefunction from its
centre at ξR to ξtarget = ξR+�ξ , soon after the start of the
reaction, but before the onset of wavepacket dispersion.
For the present application, we use �ξ = 0.41 Å. The
second factor eikξ describes nuclear motions directed
from R to P, with momentum �k. The corresponding
kinetic and total energies are Ekin = �k2/(2μ) and

Eg = Ekin + Vg(ξtarget), (6)

respectively. The target value Eg = 1.04 eV is adapted
from Reference 34, so that perfect generation of the tar-
get wavepacket, eqn. (5), launches the same wavepacket
dynamics of SBV, from R to P, as in Reference 34.

The design of the laser pulse E(t) which drives the
initial wavefunction �g(ξ, t = 0) = �g,ν=0(ξ) to the
target wavefunction, eqn. (5), is achieved by means of
OCT.6–10 It maximizes the cost functional, that means

the absolute value of the overlap, |〈�g,target|�g(t = τ)〉|
at the end (t = τ ) of the laser pulse, subject to the
ubiquitious ‘penalty’ for all-too-strong electric field
strengths.6–10 In practice, we employ the version of
OCT as implemented in the Multi Configuration Time
Dependent Hartree (MCTDH) package for propagation
of (laser driven) nuclear wavepackets, as documented in
References 70–72. The perfect laser pulse should yield
the ideal value |〈�g,target|�g(t = τ)〉| = 1 – this would
guarantee that the subsequent (t > τ ) free evolution of
�g(ξ, t) is the same as in Reference 34.

3. Results and discussion

The optimal laser pulse E(t) and the resulting popu-
lation dynamics, Pg(t), Pe(t), are documented in the
middle and bottom panels of figure 3, respectively. The
interpretation is obvious: the optimal laser pulse con-
sists of two sub-pulses which ‘pump’ and ‘dump’ popu-
lations, first from the electronic ground to the excited
state, and then back to the ground state. Subsequently,
we shall analyse these sub-pulses in order to discover
their cooperative mechanisms, which allow them to
reach the present goal of laser control, that is initiation
of the Cope rearrangement of the model SBV, from R to
P, in the electronic ground state, equivalent to the reac-
tion dynamics in Reference 34, cum grano salis. We
shall also discuss some remaining drawbacks.

The first and second sub-pulse are well separated
from each other — apparently, they have different tasks
which need to be carried out at special times with selec-
tive time delay td. Specifically, they are centered at
tpump = 2.4 fs and at tdump = 7.7 fs , respectively, thus
td = 5.3 fs, and they last from approximately t = 1.7 fs
till t = 3.1 fs and from t = 7.1 fs till t = 8.3 fs,
respectively, i.e., they have similar durations of 1.4 fs
and 1.2 fs, respectively. They consist of a little less than
four and about three half-cycles, respectively, implying
an overall down chirp, that means larger frequency of
the pump sub-pulse than for the dump sub-pulse (see
figure 2, top panel). The corresponding photon energies
are resonant or near-resonant to the energy gaps of the
PES,

�ωpump ≈ Ve(ξpump) − Vg(ξpump) ≈ 5.1 eV

�ωdump ≈ Ve(ξdump) − Vg(ξdump) ≈ 4.1 eV
(7)

at the positions ξpump = ξR = −0.94 Å and ξdump =
−0.74 Å. This supports resonant population transfer
by vertical Franck-Condon (FC) type pump and dump
transitions at ξpump and ξdump, respectively. These posi-
tions and the transitions are indicated by the vertical
arrows in figure 2. Note that the resonant position ξdump
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Figure 3. Optimal laser pulse E(t) for control of the ini-
tiation of the Cope rearrangement of semibullvalene SBV
(middle panel), and the resulting population dynamics Pg(t)
and Pe(t) in the electronic ground (g) and excited (e) states,
respectively (bottom panel). The events labelled ‘a,b,c,d’ co-
rrespond to the snapshots of the laser-driven wavepacket
dynamics shown in figure 2. Obviously, the optimal control
pulse consists of two sub-pulses which induce the ‘pump’
and ‘dump’ transitions, as indicated in figure 2. The laser
pulse and the resulting population dynamics are switched off
at τ = 10 fs. The top pannel shows the time-frequency pro-
file of the optimal pulse, obtained by a Gabor transform using
a Gaussian time-window (see e.g., References 73,74).

of the dump sub-pulse is located slightly before the
centre ξtarget of the target wavepacket �g,target(ξ), cf.
figure 2. This allows to generate �g(ξ, t) with proper
kinetic and total energies (see below) at t = tdump =
7.7 fs, readily before the final time τ = 10 fs when the
laser pulse is switched off, after driving the wavepacket

�g(ξ, t = τ) as close to the target �g,target(ξ) as po-
ssible. The criterion for the decisive value, ξdump =
−0.74 Å, will be quantified below.

The half cycles of the pump and dump sub-pulses
have rather strong field amplitudes, with maximum
absolute value Emax ≈ 80 GV/m corresponding to maxi-
mum transient intensity, Imax = cε0E2

max = 1.7 ×
1015 W/cm2. The value of the integral

∫
E(t)dt =

0.23 GV
m fs is much smaller than Emaxτ = 800 GV

m fs,
in accord with References 75,76. Close inspection of
figure 3 shows that most of the populations are trans-
ferred at times close to the maxima or minima of the
half cycles of the pump and dump sub-pulses. In con-
trast, rather small amounts of population are trans-
ferred whenever the electric field is close to zero,
switching sign. As a consequence, the population trans-
fers proceed in a stepwise manner, as documented in
figure 3.

The laser driven wavepacket dynamics is illustrated
in figure 2 by the snapshots of the corresponding den-
sities, eqn. (2), labelled ‘a,b,c,d,e’, which are embedd-
ed in the respective PESs of the electronic ground and
excited states. The choice of these snapshots has been
made in order to explain the mechanism of the opti-
mal laser pulse. Apparently, its pump sub-pulse trans-
fers the original wavefunction �g,ν=0(ξ) (snapshot ‘a’)
to �e(ξ, t) in the excited electronic state (snapshot ‘b’).
The resonance condition, eqn. (7), of the FC-type verti-
cal transition at ξ = ξpump = ξR implies that �e(ξ, t) is
generated with energy

Ee(t) ≈ Ee = Vg(ξR) + �ωpump = Ve(ξR), (8)

which remains approximately constant during the time
window between the pump and dump sub-pulses. The
strong force of the steep repulsive wall of Ve(ξ) close to
ξ = ξpump = ξR drives the wavepacket �e(ξ, t) from R
toward P. This is illustrated by the shift of the snapshot
‘b’ to ‘c’. At the same time, the wavefunction �e(ξ, t)
gains momentum directed from R to P, and correspond-
ing kinetic energy. Approximate conservation of energy
during the time window between the pump and dump
laser pulses implies that the kinetic energy of �e(ξ, t)
is approximately equal to

Ee(t) − Ve(ξ) ≈ Ve(ξR) − Ve(ξ), (9)

where ξ denotes the centre (mean value) of �e(ξ, t).
Next, the second sub-pulse dumps �e(ξ, t) back to

�g(ξ, t) in the ground state, again in a vertical FC-type
manner, located at ξdump and applied at tdump. The time
delay td = tdump − tpump between the pump and dump
sub-pulses corresponds to the time that �e(ξ, t) needs
to run from ξpump = ξR to ξdump. Also, the value of ξdump
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determines the optimal transition frequency or photon
energy �ωdump, according to eqn. (7). Finally, the time
from tdump to τ is essentially the time �g(ξ, t) needs
to run from ξdump till ξtarget. The resulting wavepacket
�g(ξ, t = τ) is illustrated by the snapshot labelled ‘d’
embedded in Vg(ξ).

The preceding analysis thus leaves us with the task
to determine the parameter ξdump of the dump sub-pulse,
for comprehensive understanding of the entire optimal
laser pulse. The solution is as follows: By its FC nature,
the dump sub-pulse is not only vertical, conserving the
nuclear position at ξdump, but it also conserves nuclear
momentum and, therefore, kinetic energy, thus

Ve(ξR) − Ve(ξdump) = Eg(tdump) − Vg(ξdump)

≈ Eg − Vg(ξdump).
(10)

For the given PES Vg(ξ) and Ve(ξ) of the model SBV,
for the given initial and target wavefunctions, and for
the given duration τ of the optimal laser pulse, the equa-
tion (10), combined with the previous ones (6) – (9),
imposes the total energy (6) of the target wavefunction
(5) as decisive contraint, which determines all the fre-
quencies and the timing of the two pump and dump
sub-pulses of the optimal laser pulse. The second equa-
tion (10) is based on approximate conservation of the
total energy, during the time window from the dump
sub-pulse till the end (t = τ ) of the optimal laser pulse.

Comparison of the laser driven wavefunction �g(ξ, τ )

and the target wave function �g,target(ξ) shows good
but not perfect agreement; for the energies, locations,
and shapes, see figure 2. As a consequence, the subse-
quent free evolution of �g(ξ, t) for t > τ is also simi-
lar to the free evolution of the target wavefunction,
which has been adapted from, and which is documented
in Reference 34. Snapshot ‘e’ shows the density of
�g(t = tP) on arrival at the product configuration P,
i.e., when it is centred at ξP. As expected, it agrees
almost perfectly with the corresponding snapshot of the
product wavefunction which is shown in figure 1 of
Reference 34.

As a summary, the optimal laser pulse E(t) shown
in figure 3 fulfils its task, i.e., it initiates the Cope
rearrangement of the model SBV in the electronic
ground state so that the resulting wavepacket dynamics
from R to P is similar to that of Reference 34. Close
analysis reveals, however, that E(t) is not perfect. First
of all, its pump sub-pulse does not achieve perfect popu-
lation transfer from the electronic ground to the excited
state. Figure 3 shows that the population which remains
in Vg(ξ) is about Pg(t) ≈ 0.08, from t ≈ 3 fs till 7 fs.
As a consequence, �g(ξ, t) keeps a small partial wave
which remains trapped in the reactant well of Vg(ξ).

This partial wave is not an eigenstate, hence it exhibits
non-stationary dynamics. This is visible in the time
evolution of the small lobes of the densities ρg(ξ, t)
labelled ‘d’ and ‘e’, close to ξ = ξR. Similar effects
of a pump pulse, called ‘hole carving’ in the ground
state wavepacket, have been discovered first by Kosloff
and coworkers.77,78 Likewise, the dump sub-pulse does
not achieve perfect population transfer from the excited
electronic state back to the ground state. This is doc-
umented by the rather small but clearly non-vanishing
densities ρe(ξ, t) labelled ‘d’ and ‘e’, embedded in
Ve(ξ), see figure 2. These deficiencies could possibly
be eliminated by even larger field strength, but in prac-
tice, this is prohibitive due to competing effects such as
excitations of higher electronic states, or ionization.

4. Conclusions

The present model investigation confirms the general
experimental result of Reference 5, which has served
as first, general motivation, i.e., pericyclic reactions in
the electronic ground state may be induced by laser
pulses in the visible to UV frequency and sub-10-fs
time domains. OCT yields a down-chirped intra-pulse
pump-dump mechanism as the most efficient approach
towards this goal. The two pump and dump sub-pulses
induce resonant FC-type transitions, from the ground to
the electronic excited state, and back, with optimal time
delay. In contrast, Reference 5 employs non-resonant
sub-pulses. The present results suggest that the effi-
ciency of the experiment may be enhanced by means
of properly chirped resonant ones. In any case, the sub-
pulses of Reference 5 and the present one are few (one
to two) cycle pulses, with corresponding broad spectral
ranges (approximately 1 eV). This supports the rather
flexible generation of suitable time-dependent nuclear
wavepackets, which may consist of several vibrational
eigenstates, first in the excited electronic state and sub-
sequently in the electronic ground state, as documented
in figure 2.

The intrapulse pump–dump mechanism of the
present optimal laser pulse is somewhat analogous to
the original pump-dump mechanism of Tannor and
Rice6,9,10, but there are important differences: Their
motivation has been laser control of photodissociations
towards competing product channels; they were able to
achieve this goal by means of OCT in the weak field
limit, at the expense of rather low product yields.6 In
contrast, we aim at a new task of laser control (com-
pare e.g., with References 79, 80) that is initiation of
a unimolecular reaction, exclusively in the electronic
ground state, and with perfect product yield. For this
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purpose, we have to employ OCT in the strong field
limit.7,8 The analysis of the mechanism in section 3
suggests to design analytical laser pulses e.g., with
Gaussian envelopes and similar frequencies, durations
and time delay, lending themselves more easily to
experimental applications than those obtained by means
of OCT. In any case, the present laser pulse is com-
plementary to previous down-chirped intra-pulse pump-
dump laser pulses which serve different purposes, e.g.,
to induce large amplitude vibrations in the electronic
ground state81,82, or control of branching ratios and
photodesorption yields.83

The present results are encouraging also concern-
ing the second, specific motivation, that means to pave
the way towards experimental monitoring the electronic
fluxes during the Cope rearrangement of SBV in the
electronic ground state, as predicted in Reference 34,
cf. figure 1. At the same time, it calls for several exten-
sions, e.g., the present empirical potential Ve(ξ) of the
electronic excited state should be replaced by quan-
tum chemical ab initio calculations, and the simple 1D
model should be replaced by a multi-dimensional one.
For example, the forces of the PES in the electronic
excited state Ve, and subsequently also in the ground
state Vg, may possibly (but not neccessarily, depend-
ing on the system) drive the wavepackets �e(t) and
subsequently also �g(t) away from the ideal ‘short-
cut’ along ξ – this may cause excitations of several
vibrational modes in the product P, as observed in Ref-
erence 5; for an early, illuminating discussion of the
relations of potential energy surfaces and molecular
reaction dynamics, see e.g., Reference 84. In order to
suppress these competing channels, one may employ
the tools of Reference 85, compare with Reference 86.

Another challenge is perfect suppression of any
partial wave �e(t) which ‘survives’ in the electronic
excited state, after the optimal laser pulse. This task
is motivated by the work of the group of Takatsuka
et al.87–89, which implies that the interplay of the ground
state wave function �g(t) with even just a small com-
ponent of �e(t) might have a rather strong effect on
the results for the net electronic fluxes from R to P in
the electronic ground state. This task may be supported
by model systems with shallower PES Ve in the elec-
tronic excited case, supporting perfect generation and
subsequent annihilation of slower wavepackets �e(t)
by means of longer and less intense pump and dump
sub-pulses. Alternatively, following a suggestion of
Prof. W Jakubetz (Universität Wien), one might employ
another laser pulse which eliminates any remaining
components of �e(t), by means of state-(e)-selective
photoionization.

Work along these lines is in progress.
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