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A bichirped coherent-control scenario is introduced and implemented in a model study of coherent-control of
the cis/trans photoisomerization of the retinal chromophore in rhodopsin. The approach involves selective
photoexcitation of multiple vibrationally coherent wave packets by using two chirped femtosecond pulses.
Control over product yields at finite time after photoexcitation of the system is achieved by externally changing
the relative phases of the photoexcitation pulses and consequently affecting the interference phenomena between
individual wave packet components. Furthermore, a measure of decoherence associated with the underlying
quantum reaction dynamics is computed. Extensive coherent-control over transient populations is predicted,
despite the ultrafast decoherence phenomena induced by the vibronic activity, providing results of broad
theoretical and experimental interest.

I. Introduction
Understanding the role of quantum coherences in intramolecular relaxation processes of biological molecules is a
subject of great interest.1,2 Reactions in biomolecules (e.g.,
proteins) usually involve intramolecular processes with rearrangements of nuclear and electronic degrees of freedom at a
“reaction site”, whereas the remainder of the molecular structure
provides a regulatory environment (i.e., a “bath”) for the
underlying reaction dynamics. Quantum mechanical coherences
can, therefore, play a crucial role in determining the overall
rate and efficiency of the reaction whenever the reaction time
is comparable to, or shorter than, the time scale for decoherence
induced by the interactions with the bath. In this paper, we
investigate the effect of laser induced coherences in the cis/
trans photoisomerization reaction of the retinal chromophore
in rhodopsin, as modeled by an empirical Hamiltonian. We
introduce a bichirped coherent-control scenario, and we computationally demonstrate the possibility of coherently controlling
the underlying excited-state reaction dynamics.
Chirped, or shaped, light pulses can efficiently transfer
population between different electronic states in polyatomic
systems.3-8 Such population transfer induces selective excitation
of coherent wave packet motion with a strong dependence on
the chirp sign. Negatively chirped pulses induce vibrational
coherences through intrapulse pump-dump processes,9 whereas
positively chirped pulses discriminate against the formation of
coherences, increasing the excited-electronic state population.3-8
The bichirped coherent-control scenario introduced in this paper
exploits these capabilities of chirped femtosecond pulses.
However, contrary to achieving quantum control of transient
populations by changing the pulse chirps, coherent-control is
achieved by changing the relative phases of two linearly chirped
femtosecond pulses.
Coherent-control exploits the coherence properties of lasers
to encode and manipulate quantum mechanical interferences
between multiple photoexcitation pathways leading to the same
final state.10-13 The control parameters for manipulating inter†
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ferences are the relative phases of multiple photoexcitation
pulses. Several coherent-control scenarios have been demonstrated both computationally and experimentally for simple
reactions in small molecules.10,11,13 However, coherently controlling intramolecular dynamics in large molecules has often
been deemed unrealistic due to the deleterious effects of rapid
decoherence.14 In recent work, we have computationally demonstrated coherent-control of ultrafast excited-state reaction
dynamics in a large polyatomic system.15,16 Coherent-control
was found to be feasible, even in the presence of ultrafast
intrinsic decoherence, since in that system the excited-state
reaction time was comparable to the period of vibrational modes
responsible for inducing decoherence.34
The time scales for decoherence and reaction dynamics
observed in our previous studies are expected to be common to
many other excited-state reactions, since the excited-electronic
states responsible for reaction dynamics in polyatomic systems
are usually extremely short-lived and determine reaction times
that are comparable to the periods of the dominant vibrations.
In this paper, we investigate the decoherence time scale for the
excited-state photoisomerization in rhodopsin as modeled by
an empirical Hamiltonian and we show that coherent-control is
in fact feasible since the 200-fs reaction time is comparable to
the decoherence time.
The cis/trans photoisomerization reaction in rhodopsin is the
first step in vision and represents an extremely efficient and
ultrafast phototransduction mechanism that has already raised
significant interest in the field of bioelectronics17 (i.e., the
subfield of molecular electronics that investigates the utility of
native as well as modified biological molecules in electronic
or photonic devices). In addition to the obvious advance
associated with demonstrating coherent-control of such reaction,
the bichirped coherent-control scenario also provides a technique
for significantly improving our understanding of the role of
quantum coherences in intramolecular relaxation processes of
polyatomic systems.
The paper is organized as follows. Section II describes the
system, the computational approach and the implementation of
the bichirped coherent-control scenario. Section III presents
results for both coherent-control as a function of the pulse
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Figure 1. Photoisomerization of retinal in rhodopsin.

relative phases and for a time- dependent decoherence measure.
Section IV summarizes and concludes.
II. Methods

(1)

where µ̂ is the dipole operator and |0〉 and |1〉 are the groundand excited-electronic states of rhodopsin, respectively.
The TDSCF approach18,21-23 is implemented by employing
a single-configuration Hartree ansatz

Ψ(ξ,φ, R,x;t) ) eiη(t)χ(ξ,φ, R;t)φ(x;t)

ipφ̇(x, t) ) 〈χ| H
h |χ〉φ(x, t)
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(4)

and

The cis/trans photoisomerization of the retinal chromophore
in rhodopsin, shown in Figure 1, is complete with high efficiency
(∼67%) within 200 fs after photoexcitation of the system.1,2
The reaction involves torsional motion of the dihedral angle
about the C11-C12 bond (see Figure 1) through a diabatic
pathway that connects the excited-electronic state of the 11cis-rhodopsin with the ground-electronic state of the all-trans
photoproduct. The two electronic states are vibronically coupled,
primarily by the delocalized stretching motion of the polyene
chain in the retinal chromophore. A microscopic description of
the underlying intramolecular reaction dynamics thus requires
modeling both nuclear and electronic relaxation dynamics on
vibronically coupled potential energy surfaces.
Previous studies18,19 have shown that most of the available
spectroscopic information on rhodopsin can be properly described by simulating the underlying quantum dynamics according to an empirical two-state 25-mode model Hamiltonian
Ĥ ) ĤM + ĤB. Here, ĤM is a two-state two-mode model
Hamiltonian that accounts for the collective torsional coordinate
and its coupling to the delocalized stretching mode of the
polyene chain, whereas ĤB is a harmonic ansatz (i.e., the “bath”)
with frequencies and excited-state gradients parametrized to
reproduce the experimental resonance Raman excitations of
rhodopsin.20 The ĤM term is parametrized to reproduce the
rhodopsin electronic excitation energies, as well as the energy
stored and the spectroscopic energy shift due to the isomerization
of the retinyl chromophore in rhodopsin. In addition to
reproducing all of these experimental data by construction, the
model Hamiltonian properly describes the isomerization reaction
speed, efficiency (i.e., the quantum product yield) and the
femtosecond spectroscopic signals during the first picosecond
of dynamics as correlated to time-dependent populations of the
model potential energy surfaces. In this paper, such a model is
implemented to explore the feasibility of coherently controlling
the reaction efficiency. Specifically, we analyze the sensitivity
of the reaction efficiency to changes in the coherent properties
of femtosecond pump pulses. Note, that we have cautiously
limited our coherent-control study to the analysis of the very
same quantities for which the model Hamiltonian has been
demonstrated to be useful.
The dynamics of the system is generated by the total
Hamiltonian H
h (t) ) Ĥ + V̂(t), where Ĥ ) ĤM + ĤB and V̂(t)
is the perturbation due to the time-dependent laser-field (t)

V̂(t) ) -|1〉〈0| (t)‚µ̂ - |0〉〈1| (t)‚µ̂

stretching mode of the polyene chain and x are the remaining
23 resonance Raman active modes included in the model, η(t)
is an overall phase factor, and ξ ) 0, 1 labels the ground- and
excited-electronic states of rhodopsin, respectively. Substituting
the ansatz introduced by eq 2 into the time-dependent Schrödinger equation, we obtain the well-known self-consistent field
equations18,21-23

(2)

where φ is the isomerization coordinate, R is the delocalized

Since the Hamiltonian ĤB is harmonic, φ(x, t) can be described
in terms of Gaussian wave packets

φ(x;t) )
1 -1/4

()

∏j π

[

]

1
i
exp - (xj - xj(t))2 + (pj(t)(xj - xj(t)) + S(t))
2
p
(5)

where {xj(t), pj(t)} are classical vibrational coordinates and
momenta that evolve according to the effective potential energy
surface Veff(x) ) 〈χ| H
h |χ〉. These trajectories are computed along
with the classical action S(t) by numerically integrating Hamilton’s equations according to the Velocity-Verlet algorithm.24
Finally, eq 4 is solved self-consistently with eq 3 by implementing an exact quantum dynamics propagation scheme based on
the split-operator Fourier transform method.25,26 For a discussion
of the validity of the TDSCF method as implemented here, see
refs 18 and 21-23.
The system is initially prepared in the ground-electronic state
and is photoexcited with two linearly chirped femtosecond
pulses with a total electric field (t)

(t) ) F1(t)e-i(ω1t+θ1) + F2(t)e-i(ω2t+θ2) + c.c.

(6)

where θj are the phases of the two pulses and c.c. denotes the
complex conjugate of the preceding terms. The functions Fj,
introduced by eq 6, describe Gaussian pulses

( (

Fj(t) ) Fmax exp -

))

t2 1
1
+i 2
2 t2
τj
p

(7)

where the parameters tp and τj, introduced by eq 7, describe
the temporal width and the linear chirp rates, respectively.35
The two pulse components include a negatively chirped pulse,
responsible for creating vibrational coherences and a positively
chirped component that discriminates against the formation of
coherences. Hence, in this bichirped femtosecond version of
coherent-control, selectively excited-vibrational coherences
interfere with one another and such quantum mechanical
interference phenomena affect the time dependent reactant and
product populations.
We focus our study on the analysis of both the probabilities
(S0)
1)
P(S
cis (t) and Ptrans(t) of the system to be in the cis configuration
of the S1 excited-electronic state and the trans configuration in
the ground-electronic state, respectively. The populations of
these two states can be directly correlated to transient signals
in femtosecond pump-probe experiments at probe wavelengths
in the 500 and 530-580 nm ranges, respectively.2 It is, therefore,
expected that the results predicted by our calculations could be
experimentally verified by femtosecond laser spectroscopy.

The Femtosecond Primary Event of Vision

J. Phys. Chem. B, Vol. 108, No. 21, 2004 6747

Figure 2. Time-dependent probability of the system to be in the trans
0)
configuration of the S0 electronic state, P(S
trans(t) (upper panel), and the
1)
cis configuration of the S1 electronic state, P(S
cis (t) (lower panel), for
relative pump pulse phases θ ) 0, 3π/2, π/2, and π.
1)
We compute P(S
cis (t), as a function of the relative pulse phase
parameter θ ) θ1 - θ2, as follows:

(S1)
(S1)
1)
P(S
cis (t) ) 〈Ψt | hcis(φ) |Ψt 〉

(8)

1)
where |Ψ(S
t 〉 ≡ |S1〉〈S1|Ψt〉 is the S1 electronic component of
the time-evolved wave function |Ψt〉 and hcis(φ) is a function
of the dihedral angle φ about the C11-C12 bond, defined as hcis(φ) ) 1 when |φ| e π/2, and 0 otherwise. The time-dependent
(S1)
(S0)
0)
populations P(S
cis , Ptrans, and Ptrans are computed analogously.
We consider the system initially prepared in the groundharmonic state for all nuclear degrees of freedom. The frequencies introduced by eq 6 are ω1 ) ω2 ) 2πc/λ with λ ) 500
nm. The parameters that define the pump pulse temporal
profiles, introduced by eq 7, are tp ) 42 fs, τ21 ) 576 fs2, and
τ22 ) - 1156 fs2. We focus on the weak-field limit by selecting
the maximum field strength Fmax ) 0.25 MeV/cm for both pump
pulses. The net effect of the field is rather weak due to the
brevity of the pulse: less than 4% of the population is transferred
from the ground- to the excited-electronic state. Note that by
fixing the parameters that define F1(t) and F2(t) one can
simultaneously explore all possible outcomes that result from
different values of the coherent-control parameter θ ) θ1 θ2. Here, we do not explore the influence of the field strength,27
relative intensities, chirp rates, or pulse widths. However, the
parameters that define such quantities in the real bichirped
coherent-control experiment could be optimized, e.g., according
to a closed-loop optimal-control scheme.12,28-31

Figure 3. Contour plots of trans-S0 (upper panel) and cis-S1 (lower
panel) time-dependent percentage populations for bichirped coherent
control of rhodopsin as a function of the relative phase θ ) θ1 - θ2 of
the photoexcitation pulses.

III. Results
(S1)
0)
Figure 2 compares P(S
trans (upper panel) and Pcis (lower
panel) for various different values of the relative pulse phase
parameter θ.
These results show evidence of significant changes in the
dynamics of cis/trans photoisomerization in rhodopsin produced
solely by changes in the relative pulse laser parameter θ. Note
that both the excited- and ground-state recurrences are strongly
modulated by θ in terms of their timing, spreading, and relative
intensities. The origin of such recurrences is the refocusing of
excited- and ground-state populations back to the cis and trans
conformations, respectively, after the S1 population bifurcates
at a conical intersection of the relevant potential energy surfaces
(for an earlier discussion of photoisomerization and internal
conversion at conical intersections, see ref 32). The bifurcation
0)
event gives rise to both the first peak of P(S
trans and the first
(S1)
minimum of Pcis , shown in Figure 2 at about 200 fs after
photoexcitation of the system.
Figure 3 shows contour plots of trans-S0 (upper panel) and
cis-S1 (lower panel) time-dependent percentage populations,
(S1)
0)
defined as 100*P(S
trans(t)/Ptot and 100*Pcis (t)/Ptot, respectively.
Here, Ptot is the total population transferred from the groundto the excited-electronic state by the photoexcitation pulses.
Figure 3 shows that coherent control is feasible simply by
changing the relative phases of the photoexcitation pulses. Note
that the reaction efficiency (i.e., the trans-S0 percentage population) can be modulated from more than 60% to less than 30%
by changing the coherent control parameter θ.
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1)
2
state (i.e., P(S
cis ≈ 1). However, Tr[F ] rapidly decays due to
the intrinsic decoherence induced by the vibronic activity and
reaches a plateau as soon as the reaction is complete at 200 fs.

IV. Summary and Conclusions
We have introduced a bichirped coherent-control scenario,
and we have computationally demonstrated the feasibility of
coherently controlling the femtosecond primary event of vision
as modeled by an empirical Hamiltonian that properly describes
the underlying reaction speed and efficiency. Considering the
longstanding research interest in rhodopsin photoisomerization,
we anticipate considerable experimental interest in examining
this coherent-control scenario.
We have shown that the coupling between the reaction
coordinate and the stretching mode of the polyene chain in the
retinal chromophore induces decoherence within a time scale
comparable to the reaction time. To our knowledge, these results
and those reported earlier15 constitute the first explicit calculations of the time-dependent Tr[F2] associated with excited-state
reaction dynamics in polyatomic molecules. Such quantity is
the standard and most conventional measure of decoherence.
We have shown that the predicted range of control is
extensive despite the ultrafast intrinsic decoherence induced by
the vibronic activity, providing results of broad theoretical and
experimental interest.

Figure 4. Comparison of the evolution of the Tr[F2] (dashes) with the
evolution of the time-dependent reactant cis-S1 (solid lines) and transS0 (broken dashes) populations during the first 1.2 ps of dynamics after
photoexcitation of the system.

The extent to which these results are significant is associated
with the advent of intrinsic decoherence, induced by the coupling
between the reaction coordinate (i.e., the torsion of the dihedral
angle about the C11-C12 bond) and the stretching mode of the
polyene chain. We estimate the decoherence rate, according to
our previous work,15 by computing the time-dependent Tr[F2(t)] where F(t) is the reduced density matrix associated with
the reaction coordinate. The calculation is performed for a
harmonic state initially promoted to the S1 excited-electronic
state. Since the decoherence rate is expected to increase with
the configuration space size, such an initial condition serves as
an approximate lower bound to the decoherence rate. According
to such preparation, the system is initially in a pure state, i.e.,
Tr[F2(0)] ) 1. However, as the isomerization reaction proceeds,
the torsional motion of the dihedral angle becomes coupled to
the motion of the remaining degrees of freedom in the system
(i.e., the stretching mode of the polyene chain and the remaining
23 vibrationally active modes) and Tr[F2(t)] decays at the
decoherence rate. Figure 4 (upper panel) shows the timeevolution of Tr[F2(t)] and the comparison with the evolution of
(S0)
1)
both P(S
cis and Ptrans during the first 1.2 ps of dynamics.
The lower panel of Figure 4 shows the analogous results for
a two-state two-mode model Hamiltonian constructed by turning
off the coupling to the harmonic ansatz. The comparison of Tr[F2(t)] for the 25-mode model (upper panel) and the 2-mode
model (lower panel) suggests that the main contribution to
decoherence is due to the coupling of the reaction coordinate
to the stretching mode of the polyene chain. Note that during
the early time relaxation (t < 70 fs) most of the population
remains on the reactant side of the initially populated electronic
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