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Intramolecular proton transfer controlled by laser pulses was simulated. The motion of a proton in a molecule
was treated by a one-dimensional, asymmetric double-well potential. To control the motion of a proton, a
π-pulse approach, stimulated Raman adiabatic passage (STIRAP), and a chirping technique were applied to
the system. In theπ-pulse approach, the conditions of complete population inversion were determined for
sequential and simultaneous irradiation of two laser fields. Similar population dynamics was obtained by a
laser pulse sequence designed by global optimal control theory. The results obtained by using STIRAP and
the single chirped laser pulse were compared with those obtained by using aπ-pulse approach. It was found
that a single negatively chirped laser pulse enables fast population transfer but maintains the robustness.

1. Introduction
Recently, much interest has been shown in selective popula-

tion transfer to a specified quantum state of molecules using a
laser field. This is due to developments in laser pulse technology
in the past decade. Several approaches based on the coherent
interaction of molecules and light have been suggested to prepare
a specified state of molecules. For example, the optimal control
theory (OCT) presented by Rabitz’s group may enable us to
design a laser pulse sequence that leads molecules to a desired
state.1-6 By imposing some restrictions on the OCT process, it
may be possible to obtain various solutions with desirable
properties such as robustness7,8 and π-pulselike structure.
Another example is the generalizedπ pulse approach presented
by Manz’s group.9-17 In their approach, a pulse sequence is
made by appropriately optimizing some laser parameters in an
analytical function characterizing laser pulse shape. Although
this approach enables fast population transfer to a specified state,
the pulse sequence requires strict conditions on the laser
parameters such as pulse width and intensity to obtain a high
product yield. In contrast to theπ-pulse approach, the stimulated
Raman adiabatic passage (STIRAP) presented by Bergmann’s
group gives a robust solution. This approach is well-known as
an effective technique for population transfer in three-level
systems.18-42 Vibrationally selective population transfer in a
ground electronic state of some simple molecules has been
experimentally demonstrated,18-25 and owing to the uniqueness
of its pulse sequence, many theoretical studies have been carried
out for more than a deade.26-42 Besides STIRAP, the use of a
chirped or swept-frequency laser pulse is also effective for
obtaining a robust solution. By using a chirping laser frequency,
even a single laser pulse may have many intriguing effects, and
thus it has therefore been the subject of many experimental
studies43-50 as well as theoretical studies.51-61

Closed-loop learning control is a promising method for
controlling a rather complex molecule.63,64 In this technique,
proposed by Rabitz et al., an appropriate pulse sequence is
produced by a learning algorithm in which information provided
by an experimental device is used as input data. Using this
technique, selective bond breaking of a metal complex has been
realized.65

As mentioned above, there have been various approaches to
the control of chemical reactions. However, to the best of our
knowledge, quantum control of an isomerization reaction has
not yet been experimentally realized. For the realization of
control of such a reaction system, a pulse sequence that has
simple structure and can give a robust solution is very attractive.

In the present study, we simulated laser-induced intra-
molecular proton transfer to control the motion of a proton in
a hydrogen-bond system. We treated a substituted malonalde-
hyde molecule in which the motion of a proton in a molecule
is described by a one-dimensional, asymmetric double-well
potential. It is thought that this simplified model can describe
the essential part of a proton-transfer system well. Thus, the
use of this model would enable the dynamical behavior of a
proton to be investigated qualitatively, and it would also be a
good serVer to find an effective initial trial for a closed-loop
laboratory technique. The parameters of the double-well po-
tential are chosen so as to describe substituents such as-NH2

and-CH3.6 In this model, there is one localized state in each
well. We regard one localized state as a reactant and the other
as a product. The strategy in our simulations was to induce
transition from the reactant to the product by a specific laser
pulse sequence. For comparison, we first simulated the control
of intramolecular proton transfer by means of theπ-pulse
approach. In theπ-pulse approach, we utilized two sequential
and simultaneous laser pulses that have the condition of
complete transition from the reactant to the product for an
analytical function of laser pulse shape. The pulse sequence was
compared with that designed by an OCT process. Next, we
simulated the control of proton transfer by STIRAP. The results
were compared with those obtained by using theπ-pulse
approach to show the robustness of STIRAP. The population-
transfer process by STIRAP, however, was achieved in about
20 ps, which is longer than that by theπ-pulse approach. In
this time region, the efficiency of the population transfer may
be considerably affected by the relaxation effect resulting from
interaction with the environment. To move population more
quickly, we utilized a chirped laser pulse. We found that a single
negatively chirped laser pulse may enable faster population
transfer while maintaining robustness. The robustness of the* Corresponding author. E-mail: yasuto@mcl.chem.tohoku.ac.jp.
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solution was also compared with that obtained by using the
π-pulse approach.

2. Model System

As an intramolecular proton-transfer system, we treat sub-
stituted malonaldehyde. This molecule may have two stable
configurations as shown in Figure 1a. Here, we regard the
configuration on the left side in Figure 1 as a reactant and the
other configuration as a product. Our strategy is to induce a
transition from the reactant to the product by a laser pulse. To
simulate laser-induced proton transfer, the proton is assumed
to move along a one-dimensional Cartesian reaction coordinate
with the limitation that the molecule is in its electronic ground
state. Here, we neglect the effect of rotations and coupling to
other vibrational modes. The Hamiltonian for the system under
consideration is given by

whereHmol is the molecular Hamiltonian andHint stands for
the interaction of a molecule with the electromagnetic field. The
corresponding one-dimensional intramolecular proton-transfer
system may be specified as

where mp is the proton mass,q is the Cartesian reaction
coordinate, andV(q) is the potential energy. The potential energy
V(q) is given by the double minimum potential:

whereδ is the asymmetric parameter andV‡ is the barrier height.
These values, which are given in Figure 1, were chosen so as
to describe the effects of the substituents such as-CH3 and
-NH3.43 The minimum atq ) -q0(q0)1.0 a0) corresponds to

the reactant, and that atq ) q0 corresponds to the product.Hmol

satisfies the time-independent Schro¨dinger equation:

where |φn〉 is the nuclear eigenstate andEn the associated
eigenenergies. By numerically solving eq 4 using the FGH
method,66 we obtained the nuclear wave functionsφn(q). Figure
1b shows the nuclear wave functions together with the potential
curve. As seen in Figure 1b, there is one localized state in each
well. The reactant corresponds to|φ0〉 localized in the left well,
and the product corresponds to|φ1〉 localized in the right well.

We turn to the interaction HamiltonianHint. This term is
semiclassically given by

where E(t) is the classical electric field and assumed to be
linearly polarized to the dominant component of the molecular
dipole momentµ. The molecular dipole moment is assumed to
be linear forq. For analysis of the dynamical behavior of the
system, we expand an arbitrary state|Ψ(t)〉 in terms of|φn〉:

Substituting eq 6 into the time-dependent Scho¨dinger equation,

we have the following differential equation for expansion
coefficients of|φn〉.

whereωij is the transition frequency:

The transition dipole momentµij was computed from the wave
functions φn(q). The dynamical behavior of the system was
investigated by numerically solving eq 8 using the standard
Runge-Kutta method. In our simulations, the initial conditions
were set toC0(t) ) 1.0 andCi(0) ) 0.0 (i * 0) and the lowest
11 eigenstates were used to expand|Ψ(t)〉 in order to take into
account three-photon transition ofω30. We analyzed the
dynamics of the system by evaluating the population of each
nuclear eigenstate:

In sections 3 and 4, we applied several kinds ofε(t), which
were given by analytical forms or designed by optimal control
theory to the proton-transfer system.

3. π Pulse Approaches

In this section, we present the results of simulation of
intramolecular proton transfer controlled byπ-pulse approaches.
To control the motion of a proton, we choose|φ3〉 as an
intermediate state due to the strong transition moment for|φ0〉

Figure 1. (a) Laser-induced isomerization reaction from the reactant
(A) to the product (B) in substituted malonaldehyde. (b) Plot of potential
functionV(q) for the proton transfer in substituted malonaldehyde:δ
is 2.57× 10-4 Eh, barrier heightV‡ is 6.25× 10-4 Eh, andq0 ) 1.0a0.
The lowest four eigenfunctionsφn(q) (n ) 0-3) and associated energy
levelsEn are also depicted.
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and |φ1〉, and we aim to move the population stepwise from
|φ0〉 to |φ1〉 via |φ3〉 by using a series of two laser pulses.

whereEn
0 and ωn(n ) 1, 2) are the maximum amplitude and

laser frequency of thenth laser pulse,φ is the relative phase,
andgn(t) is an envelope given by the Gaussian function with
time centertn and widthσn:

Laser frequenciesω1 andω2 are set to the transition frequencies
ω30 andω31, respectively. When there is no temporal overlap
between two laser pulses, the process of the population transfer
from |φ0〉 to |φ1〉 may be achieved by a sequential inversion of
population in two approximate two-level systems composed of
|φ0〉 and |φ3〉 connected by laser field 1, and|φ1〉 and |φ3〉
connected by laser field 2. For each two-level system, the
condition of complete population transfer67 is given by

with

whereΩij(t) is the time-dependent Rabi frequency related to
the transition between|φi〉 and |φj〉, andAn(t) is the envelope
function of thenth electric field:

By substituting eq 15 into eq 13, we can rewrite the condition
of complete population transfer as follows:

Figure 2 shows the population transfer from|φ0〉 to |φ1〉 by two
sequentialπ-pulses. The laser parameters are given in Figure
2. Laser1 induces the complete transition from|φ0〉 to |φ3〉, and
then laser2 moves the population from|φ3〉 to |φ1〉 to achieve
the complete population transfer from|φ0〉 to |φ1〉. The final

product yield is 98.3%. The efficiency of population transfer
may be considerably influenced by delay time due to other
competing processes such as intramolecular vibrational redis-
tribution (IVR). Therefore, to move the population more quickly,
we consider the simultaneous irradiation of two laser pulses.
To obtain the condition of complete population transfer when
two pulses are simultaneously applied to the system, we first
expand an arbitrary state|Ψ(t)〉 in terms of three eigenstates
|φ0〉, |φ1〉, and|φ3〉:

Substituting eq 17 into eq 7 and making the rotating wave
approximation, we obtain the following three differential
equations:

The above equations can be easily solved to obtain the analytical
form of populationP1(t):

From eq 19, the condition of complete population transfer to
|φ1〉 is given by

and

When we employ the Gaussian envelope function (15), eq 20
becomes

Figure 3 shows the complete population transfer by the
simultaneous irradiation of two laser pulses. The laser param-
eters are given in Figure 3: The final product yield is 97.5%,
and the population transfer is achieved in about 2 ps. We call
this pulse sequence a three-levelπ-pulse. As seen in Figure 3,
the laser amplitudes are instantaneously canceled out to produce
several nodes due to the interference between two laser fields.
In these moments, the time variation of population becomes
small because the time-dependent Rabi frequencies instanta-
neously become zero. The temporal positions of these nodes
depend on the relative phaseφ, although the results are not
shown.

4. Laser Pulse Designed by an OCT Process

Next, we present the results of simulation of laser-induced
proton transfer by using a pulse sequence designed by a global

Figure 2. (a) Electric field and (b) population dynamics when two
pulses are sequentially applied to the model system of Figure 1. The
laser parameters are as follows:E1

0 ) 5.0 × 10-4 Eh/ea0, E2
0 ) 5.4 ×

10-4 Eh/ea0, t2 - t1 ) 2.2 ps,σ1 ) σ2 ) 0.54 ps, andφ ) 0.

ε(t) ) E1
0g1(t) cosω1t + E2

0 g2(t) cos(ω2t + φ) (11)

gn(t) ) exp[-(t - tn)
2/σn

2] (12)

∫dt Ωij(t) ) π (13)

Ωij )
µijAn(t)

p
(14)

An(t) ) En
0 exp[-(t - tn)

2/σn
2] (15)

µijEn
0 ) σnxπ (16)

|Ψ(t)〉 ) exp[-iE0t/p]C0(t)|φ0〉 + exp[-iE1t/p]C1(t)|φ1〉 +
exp[-iE3t/p]C3(t)|φ3〉 (17)

ip
d
dt(C0(t)

C3(t)
C1(t)

)) - p
2[0 Ω03(t) 0

Ω03(t) 0 Ω13(t)
0 Ω13(t) 0 ][C0(t)

C3(t)
C1(t)

] (18)

P1(t) ) ( 2Ω03(t) Ω13(t)

Ω03
2(t) + Ω13

2(t))2

sin4xΩ03
2(t) + Ω13

2(t)

4
t (19)

Ω03(t) ) Ω13(t) (20)

∫dt
xΩ03

2(t) + Ω13
2(t)

4
) π (21)

E1
0

E2
0

)
µ13

µ03
(22)

Laser Field Control of Intramolecular Proton Transfer J. Phys. Chem. A, Vol. 105, No. 34, 20018033



OCT process. In the OCT,ε(t) can be designed by maximizing
the following functional:

where Ψ(t) and ø(t) are a laser-driven wave function and
Lagrange multiplier, respectively. The first term in the right-
hand side is the overlap between the laser-driven wave function
at the pulse duration timeT and the target state|φ1〉. The second
term is time-integrated laser intensity, whereR is the penalty
factor to suppress the laser intensity, ands(t) is the shape
function to characterize the pulse envelope of the electric field.
In the third term, the boundary condition forΨ(t) to satisfy the
time-dependent Schro¨dinger equation is imposed. Taking the
variation with three argumentsΨ(t), ø(t), andε(t) to solve the
maximum problem:

we have the following two differential equations with different
boundary conditions and the equation forε(t).

We numerically solve these three equations in an iterative
procedure starting from initial guessε0(t) to obtainε(t), which
depends onε0(t). As an initial guess, we use two continuous
wave (cw) lasers:

where laser frequenciesω1 and ω2 are set toω30 and ω31,
respectively, and amplitudes areE1

0 ) E2
0 ) 3.0× 10-4 Eh/ea0.

As a shape function, we employ a single Gaussian function with
a pulse widthσ ) 0.76 ps. The penalty factor is set to 70. Figure

4 shows the population transfer controlled by the pulse sequence
produced by a OCT process. The final product yield is 97.3%.
Although the pulse shape is different from that in the three-
level π-pulse, i.e., there is only one node during irradiation of
the laser pulse, the time evolution of the population is similar
to that in the three-levelπ-pulse.

5. STIRAP Technique

In this section, we present the results of simulation of proton
transfer controlled by STIRAP. We consider the effective three-
level system composed of|φ0〉, |φ3〉, and|φ1〉 coupled with two
laser fields. Here, we use the same function as that used in the
π-pulse approach for the electric field. Figure 5 shows a STIRAP
pulse sequence and corresponding population dynamics. As seen
in Figure 5a, the characteristics of STIRAP are (i) laser2
precedes laser1 unlike the order of two sequentialπ-pulses, (ii)
two pulses have a large temporal overlap, and (iii) each pulse
has a large pulse area. In our simulation, pulse area is set to
8π. Interestingly, the population moves from|φ0〉 to |φ1〉 without
an appreciable population in the intermediate state|φ3〉. The
mechanism of the population transfer is interpreted by the time

Figure 3. (a) Electric field and (b) population dynamics when two
pulses are simultaneously applied to the model system of Figure 1.
The laser parameters are as follows:E1

0 ) 5.0× 10-4 Eh/ea0, E2
0 ) 5.4

× 10-4 Eh/ea0, t2 - t1 ) 0 ps,σ1 ) σ2 ) 0.76 ps, andφ ) 0.

F[Ψ(t),ø(t), ε(t)] ) |〈Ψ(T)|φ1〉|2 - R∫0
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dt
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-
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0 cosω1t + E2

0 cosω2t (28)

Figure 4. (a) Electric field designed by optimal control theory and
(b) population dynamics. Initial electric field is given by two cw lasers,
where laser frequencies areω1 ) ω30 andω2 ) ω31, and amplitudes
are E1

0 ) E2
0 ) 3.0 × 10-4 Eh/ea0. Shape functions(t) is given by a

single Gaussian function withσ ) 0.76 ps, and the penalty factor is
70.

Figure 5. (a) Electric field of STIRAP and (b) population dynamics.
Laser parameters are as follows:E1

0 ) E2
0 ) 4.0 × 10-4 Eh/ea0, σ1 )

σ2 ) 5.4 ps, andt2 - t1 ) -5.4 ps.
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evolution of one dressed state composed of|φ0〉, |φ1〉.41 To show
its robustness, we compared the population transfer of STIRAP
with that of the three-levelπ-pulse by changing the pulse width
and maximum amplitude. Figures 6 and 7 show the population
dynamics of the three-levelπ-pulse and STIRAP when pulse
intensities were decreased by 30%. The final product yield of
theπ-pulse approach is about 60%. In contrast, STIRAP keeps
almost 100% of the product yield. When pulse widths are
increased by 30%, similar results were obtained (not shown);
i.e., the efficiencies of population transfer were about 60% and
100% for theπ-pulse approach and STIRAP, respectively.

6. Chirped Laser Pulse

We have shown that STIRAP enables complete population
transfer under very relaxed conditions of the laser parameters.
However, the population-transfer process by STIRAP takes a
relatively long time in comparison with that by theπ-pulse
approach, and effects of relaxation such as IVR on the efficiency
of the population transfer may therefore be greater in the case
of STIRAP than in the case of theπ-pulse approach. To try to
resolve this problem, we used a single infrared-domain chirped
laser pulse. We show that a single chirped laser pulse with an

appropriate chirping rate allows fast population transfer while
maintaining robustness.

The electric field takes the following form:

where E° is the maximum amplitude,g(t) is the Gaussian
function with width σ and time centertm, ω0 is the central
frequency, andc is the frequency swept rate. Whenc > 0, it is
called positive chirp, andc < 0 is negative chirp. We employ
a single negative chirp for the control of proton transfer. We
set the central frequency toω0 ) (ω30 + ω31)/2. This choice
enables consecutive passage to two resonant frequencies,ω30

andω31, around the maximum of the envelope of the electric
field.62 Figure 8 shows the population transfer by negative chirp.
Negative chirp moves the population from|φ0〉 to |φ1〉 via |φ3〉.
The population transfer is achieved within about 4 ps. The results
in the case of negative chirp are similar to those in the case of
a three-levelπ-pulse or a pulse sequence designed by an OCT
process. However, comparison of the product yields obtained
with changes in the laser parameters shows that these properties
are quite different. Figure 9 shows the final product yields of
|φ1〉 with variation in the pulse area by changing pulse width in
the case of (a) a three-levelπ-pulse and (b) negative chirp. In
the case ofπ-pulse, the final product yield oscillates with change
in the pulse area due to the Rabi frequency. In contrast, in the
case of negative chirp, the efficiency of population transfer is
low in the small pulse area. However, a very high product yield
is maintained in the region of more than 5π.

7. Conclusion

We simulated the laser-induced intramolecular proton transfer
by several approaches. The motion of a proton has been treated
by asymmetric, one-dimensional double-well potential whose
parameters ware chosen so as to describe the substituent effect
such as-NH2 and-CH3 in malonaldehyde. In this model, the
potential barrier is rather low, and there is therefore only one
localized state in each well. We regarded one localized state as
a reactant and the other as a product. The strategy to control
the motion of a proton is to induce a transition from the reactant
to the product by a laser pulse sequence. We first simulated

Figure 6. (a) Electric field of three-levelπ-pulse and (b) population
dynamics. Laser parameters are as follows:E1

0 ) 3.5 × 10-4 Eh/ea0,
E1

0 ) 3.8 × 10-4 Eh/ea0, σ1 ) σ2 ) 2.2 ps, andt2 - t1 ) 0. Dashed
lines are as in Figure 3.

Figure 7. (a) Electric field of STIRAP and (b) population dynamics.
Laser parameters are as follows:E1

0 ) E1
0 ) 2.8 × 10-4 Eh/ea0, σ1 )

σ2 ) 5.4 ps, andt2 - t1 ) -5.4 ps. Dashed lines are as in Figure 5.

Figure 8. (a) Envelope of negatively chirped laser pulse and (b)
population dynamics. Laser parameter are as follows:E0 is 1.0× 10-3

Eh/ea0, σ ) 2.2 ps,c ) 3.6 cm-1/fs.

E(t) ) E0g(t) cosω(t) (29)

ω(t) ) ω0t + 1
2
c(t - tm)2 (30)
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the proton-transfer dynamics by using theπ-pulse approaches,
in which two IR laser pulses are sequentially or simultaneously
applied to move the population from the reactant to the product.
In the case of stepwise excitation by sequential irradiation of
two pulses, the condition of population transfer to the target
state is∫dt Ω(t) for each approximate two-level system coupled
with one laser pulse. For simultaneous irradiation of two laser
pulses, we gave the conditions of population transfer from the
reactant to the product, and we called the pulse sequence
satisfying this condition a three-levelπ-pulse. Next, we
simulated proton transfer controlled by a pulse sequence
designed by an OCT process in which the initial guess was set
to a cw laser composed of two laser fields and single Gaussian
function was chosen as a shape function. We have shown that
the resultant population transfer is similar to that in the case of
a three-levelπ pulse, although the pulse shapes in these two
approaches seem to be rather different; i.e., the OCT pulse
sequence looks like two sequential pulses. However, this may
be due to interference betweenω30 andω31 components in the
laser field.

We applied STIRAP and a negatively chirped laser pulse to
the proton-transfer system to try to find a pulse sequence that
gives a robust solution, and we found that these approaches
enable effective population transfer under very relaxed condi-
tions of laser parameters compared withπ-pulse approaches.

The results showed that a negatively chirped laser pulse is
particularly effective. The greatest advantage of this approach
is that it may enable fast population transfer while maintaining
robustness under very simple structure of the electric field. We
have shown that the chirped laser pulse moves the population
about 5 times faster than does STIRAP.
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