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A quantum control of photodissocation of Nal to neutral atom fragments, Nal — Nal* — Na+1, was theoretically
studied by using a locally optimized control method. The purpose of this control was to obtain as many neutral fragments
as possible within one cycle of the nuclear vibration. The control was based on a pump-and-dump scheme. Weak and
strong laser-field cases were used. The optimal dump pulses in both cases were shown to be of a linear time-dependent up-
chirp type by analyzing their time- and frequency-resolved power spectra. This confirms the result predicted using a non-
optimal control method in a previous paper (Chem. Phys. Lett., 231, 50 (1994)). The nuclear wavepacket propagations
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were also analyzed to see how photodissociation takes place when controlled pulses are used.

Quantum control is a new research field of chemical
reaction dynamics'™ which utilizes the coherent interac-
tion between laser fields and vibrational wavepackets of the
molecule under consideration. It is possible to obtain higher
yields of a reaction product using quantum control than us-
ing incoherent control methods, such as ordinal photochem-
ical reactions. This is because wavepackets can be trans-
ferred more effectively by tailored laser pulses in quantum
control.*** Tailored laser pulses are designed on the basis
of an optimal control theory.'*—

The purpose of this study was to apply a locally optimized
control method developed by us to the photodissociation of
Nal. This system is a typical example of nonadiabatic transi-
tions induced by an optical transition.’*—*? There have been
several studies on the quantum control of this system.*—
In a previous study,*® we designed pulses to increase the
nonadiabatic transition rate between the two adiabatic states
by controlling the velocity of nuclear wave packets on the
upper adiabatic potential. In this study, we hoped to clarify
what kinds of pulses are needed to produce neutral products
within one cycle of nuclear motion. That is, we wanted to
control the photodissociation yields of Nal induced by laser
pulses, rather than the nonadiabatic transition, itself. For
this purpose, we used a pump-dump control scheme. The
affects of the nonadiabatic transition were taken into account
in solving the optimized pulses of the photodissociation.

In a previous paper,** we predicted laser pulses that would
produce an efficient photodissociation product, Nal* — Na+
I, within hundred-femtosecond time regime, corresponding
to a half cycle of the nuclear vibration. In that calculation,
a non-optimal control method was used. It was shown that
up-chirp pulses can produce a highly efficient yield of the
photodissociation product. In this paper, we report on the
control pulses that were designed using a locally optimized
control method.* Furthermore we verify that the resulting
dump pulse is a linear time-dependent up-chirp pulse. The

characteristic features of the pulse are also discussed.

In the next section, we briefly describe wavepacket treat-
ment of Nal photodissociation and our optimization method
for pump-and-dump control of the photodissociation. Then,
we present the results of quantum control of Nal photodis-
sociation using weak and strong laser fields. Finally, we
discuss the different behaviors in the photodissociation con-
trol between the two cases in terms of nuclear wave packet
propagation dynamics.

Theoretical

Nal Dynamics. Consider quantum control of Nal pho-
todissociation by a pump-and-dump scheme within a two-
electronic-state model, as shown in Fig. 1. The adiabatic
potential curves associated with the photodissociation are
shown in Fig. 1. The time development of Nal in the elec-
tronic field (E(¢)) within the dipole approximation is deter-
mined by solving the time-dependent Schrédinger equation,

o
iha [p@®) = [Hv — kE®]|y @), @®
where Hy is the molecular Hamiltonian
Hy=Tx+Hy (@)

in which Ty and H,; denote the nuclear kinetic energy op-
erator and the electronic Hamiltonian, respectively; u is the
electric dipole moment. Let the adiabatic electronic states
be denoted as [Sp(R)) and |Si(R)), where R denotes the para-
metric dependence of the electronic states on the nuclear
coordinate R. It is convenient to adopt the diabatic basis
set (Ji(R)) and |c(R)) to solve Eq. 1. |i(R)) and |c(R)) are
called the ionic state and covalent state, respectively, in the
valence-bond representation. By expanding the time-depen-
dent Schrodinger Eq. 1 in terms of the diabatic basis set,
we obtain the following coupled equations for nuclear wave
packets, X;(R,f) and X (R,?):
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Fig. 1. A pump-dump pulse control of photodissociation

yields within one cycle of the nuclear motion. The poten-
tial energy curves of the ground state(X'3") and excited
electronic state (B'3_") associated with the photodissocia-
tion are shown in the adiabatic representation. Their two
potential curves interact with each other due to nonadiabatic

coupling.
) a B hZ 82
B (R0 = [~ 2o ViR KR
+(‘/lC(R) - ‘ulC(R)E(t))XC(R7 t)7 (33)
and
' 6 B hZ 82
lh—a—tXC(R,l‘) = [ — WM W + Vcc(R)] Xc(R, 1)
HVei(R) — uei(R)E)Xi(R, 1), (3b)

where M is the reduced mass of Nal, and X;(R,?) = (iR|y(?))
and X.(R,?) = (cR|y(r)) are the nuclear wavepackets on the
ionic and covalent potential surfaces, respectively. Here,
[iR) = |i(R))|R) and |cR) = |c(R)}|R) in which |R) is the eigen-
vector of nuclear coordinate R. In Eqs. 3 and 3b, V;(R) is the
potential energy of the ionic electronic state and V.(R) is that
of the covalent state. V;(R)(Vi(R)) is the coupling matrix
element between the ionic and covalent electronic states, and
is defined as

Va(R) = / AR (cR|HaliR') = (c®)|Ha®liR)), (&)

where H(R) denotes the electronic Hamiltonian of Nal in
the nuclei coordinate representation.

In Eq. 3, u:(R)(ui(R)) is the electric dipole moment.
These coupling matrix elements were evaluated using ab
initio molecular orbital program codes, GAMESS* and
MOLPRO.* In our dynamics calculation, the R-dependence
of the electric dipole moments between the ground state
(X'3"") and the second excited state (B'3>") was modified
in a way that the peak position (5.743 A) of the dipole mo-
ments was moved to the crossing point (R,), estimated by
experiments, and that the shape of the dipole moment func-
tion was maintained. The peak position of the nonadiabatic
coupling matrix element between these electronic states is
also shifted to the crossing point R.. These modifications
may be explained by the existence of strong spin-orbit cou-
plings among the low-lying electronic states: When the spin-
orbit coupling is considered in the molecular orbital calcula-
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tions, the avoided crossing occurs among the potential energy
curves of the low-lying spin-mixed states in the region of
R=5.5 Aand7 A. Although these coupling matrix elements
should be transformed into the spin-mixed space, the above
modification has been introduced for simplicity, instead of
an exact transformation into the spin-mixed space.

The wave packet X, (R,f) on the adiabatic potential in the
electronic ground state and X, (R,f) on the excited state are
easily obtained from the diabatic basis set X;(R,f) and X (R,?)
as

Xa(R,1) =D | Adg(R)Xa(R, 1), ®)
d

where d = ¢ and i, and a = Sy and S, respectively. A;;(R)
is the transformation coefficient, and is defined as A}\(R) =
(a®d(R)). |

Locally Optimized Laser Field. Consider a target
operator W whose expectation value we want to maximize at
time # by a laser field E(¢). The optimal laser field is given
in the general optimized control theory as

E(t) = —2AIm(y (1) [WU(ty, Du| 9 (5)), (6)

where A is a positive constant, and U(#,?) is a unitary opera-
tor. The unitary operator is defined as

R P
Uty,t) = Texp [— % /f de{Hu — ,uE(t)}] , @)

where T is the time-ordering operator. Equation 6 is a global
optimization expression, and shows that the optimized field
at time r depends on time #. In order to avoid complexities
involved with global optimization, we used a local optimiza-
tion procedure. We divided the time development from the
initial to the final time into short time steps, and carried out
optimization at each short time step.”** If the target operator
is satisfied by the relation

(y®|[Hw, W1|p(0) =0, ®

where [,] is a commutator, the optimized field at each step is
expressed as*

E(t) = —2AIm(y ()| Wu |y (®). )

This is an expression for the locally designed optimal laser
field.

Results and Discussion

In order to obtain as much neutral product of photodis-
sociation of Nal as possible within one cycle of the nuclear
vibration, we chose the following form as the target operator
(W) in the pump and dump scheme:

W = |io) Wy (io] +/dR|cR)Wd(cR|,\ (10)

where [ip) is the lowest vibrational state in the ground ionic
electronic state. In Eq. 10, the first term is associated with
the pumping process, and the second one with the dumping
process. W, was taken to have a negative value to ensure
the generation of a pumping pulse. Wy was taken to have a
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positive value and the integration range was taken from the
outside of the internuclear distance of R =9.5 A to infinity,
but for practical reasons, we set an absorbing boundary.

Two cases were considered according to the intensities of
the pump-and-dump pulses used: that is, maximum field
strengths of ca. 10° Vm~! and ca. 103 Vm . In the former
case, the population was almost completely transferred from
the initial state to the excited state. On the other hand,
in the latter case, the population transfer was low, and the
population in the ground state was larger than that in the
excited state. We designated these strong and weak field
cases, respectively.

Strong Field Case. Figure 2 shows locally designed op-
timal pulses applied to Nal photodissociation in the strong-
field case. The maximum field strength of 6x10° Vm™! cor-
responds to a peak intensity of 4.8 TW cm~2. The inserted
figure is the time- and frequency-resolved power spectrum of
the dump pulse. The dump pulse consists of only a few cycle
pulses, which slightly increases the difficulty of the analy-
sis, but the pulse can be approximately expressed by a form
whose central frequency is a linearly increasing function of
time, that is, an up-chirp pulse, as indicated by a straight
line as a guide. Such a linear up-chirp laser pulse makes
the wavepacket moving along the excited-state potential ef-
fectively transfer to the ground state potential. As shown in
Fig. 1, the energy difference between these two potentials be-
yond their crossing point increases approximately linearly as
the distance increases. Applications of chirped pulses to the
quantum control of molecular dynamics have been proposed
by several researchers.”'?

Figure 3 shows the time evolution of the populations in the
locally designed optimal pulses in the strong field case. The
unbroken line denotes the population in the electronically
excited state, and the broken line the photodissociation prod-
uct from the excited state induced by the controlled pulse.
We can see that almost all of the population in the initial
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Fig. 2. Locally designed optimal pulses in a strong field case.
The maximum field strength is set to be 6x10° Vm™'.
The inserted figure shows the time- and frequency-resolved
spectrum of the dump pulse. The optimal pulse is a linear
time-dependent, up-chirp pulse as indicated by a straight
line as a guide.
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Fig. 3. The time evolution of the populations in the strong

field case. The undotted line denotes the population in the
electronically excited state, and the dotted line the pho-
todissociation product from the excited state induced by the
optimal dump pulse.

state was transferred into the excited state by the optimized
pump pulse, and that about 60% yields of photodissociation
is produced by the controlled dump pulse within one cy-
cle of Nal-stretching vibrational motion. A small increase
in the population starting after 200 fs is due to the sponta-
neous predissociation induced by the nonadiabatic coupling
between the two adiabatic states. A spire at the initial time
stage in Fig. 3 originated from a stimulated emission during
the pumping process because a strong input laser field was
applied. = A strong pulse has been reported to localize the
wavepacket.>*

Figure 4 shows the time evolution of the population in
the Sp-ionized state in the diabatic representation. We can
see coherent motion and quantum beats at R~2 A in the
ground-ionized state. These behaviors are due to the stim-
ulated emission used to produce vibrational coherence in
the ground state. Such a stimulated emission process can
be utilized to obtain a higher velocity in the excited elec-
tronic state, which in turn can induce a higher probability of
nonadiabatic transition. This is the principle used to con-
trol the nonadiabatic transition of Nal.*® The disappearance
of the wavepacket of the ionic component at R~ 10 A in
Fig. 4 originates from the transition to the dissociative cova-
lent state, which is induced by the optimized linear up-chirp
pulse.

Figure 5a shows the time evolution of the nuclear
wavepacket of Nal on the ground state and Fig. 5b that on
the S, state in the strong field case. The ordinate denotes the
absolute value of the nuclear wavepackets. The time-evolu-
tion of the wavepackets in Fig. 5 demonstrates the manner
in which the wavepackets are transferred by the controlled
pump and dump pulses, and shows that the dump pulse ef-
fectively transfers the wavepacket in the excited state to that
in the ground state.

We would like to comment on the possibility of tunneling
ionization induced by potential distortion in the presence of
laser pulses of ca. 10° Vm™!. Ttis well known that tunneling
ionization makes a significant contribution when y<1 in
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Fig. 5. a) Time evolution of the nuclear wavepacket of Nal on the ground state and b) that on the S; state in the strong field case.
The ordinate is the absolute value of the nuclear wavepackets.
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which v is the Keldysh parameter defined in atomic units as
v = /21, /(). Here, ay is the central frequency of the

laser pulse, f{(7) is the pulse envelope, and I, is the ionization
potential of Nal. For the pump process, we obtain ¥ ~ 9 when
the following parameter set is used: the resonance frequency
of 40 eV as ap, 7.6 eV as I, at the equilibrium nuclear
configuration in the ground state of Nal, and the maximum
field strength of 6x10° Vm™! as f(r). This indicates that
there is no significant contribution of tunneling ionization in
the quantum control of photodissociation of Nal with laser
pulses of ca. 10° V!,

Weak Field Case. Figure 6 shows locally designed op-
timal pulses applied to Nal photodissociation in a weak field
case. The maximum field strength was ca. 8x10® Vm~! for
the pump pulse and 4x 103 V. m~! for the dump pulse. These
correspond to 29 GW cm~2 and 15 GW cm ™2, respectively.
The inserted figure is the time- and frequency-resolved power
spectrum of the dump pulse. We can see that the dump pulse
consists of a linearly up-chirp pulse to a good approximation.

Figure 7 shows the time evolution of the population in the
excited state, created by the controlled pump pulse shown in
Fig. 6, and that of the photodissociation product induced by
the controlled dump pulse. We can see that about 15% of
the population is transferred to the final state by one stroke
of the dump pulse. This relatively low yield compared with
that of the strong field case described above is a common
feature in pump-and-dump schemes operating under weak
field conditions. It is necessary to apply to a series of dump
pulses in a weak field case to obtain a high yield of population
transfer.® We can see a small increase in the population start-
ing after 300 fs, which is due to spontaneous predissociation,
as shown in Fig. 3.

Figure 8 shows wavepacket propagations in the excited
and ground states. In Fig. 8a, we can see two (fast and
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Fig. 7. The time evolution of the population in the excited
state (undotted line) and that of the photodissociation prod-
uct induced by the controlled dump pulse (dotted line) under
the weak field condition.

slow) components of the wavepacket. The fast component
originates from the nonadiabatic transition and the slow one
from the photodissociation induced by the controlled dump
pulse. The slow velocity reflects the optical Franck-Condon
principle, which involves the conservation of momentum in
optical transitions. The velocity is that of the wavepacket
motion of Nal in the excited state just before application of
the dump pulse. :

In a previous paper,”® we reported that the photodisso-
ciation of the Nal system can be controlled by applying a
linearly up-chirp pulse through changing the parameters of
a pump pulse without using optimization theory. In this
study, we confirmed the importance of the positively chirped
pulses in controlling Nal photodissociation in both weak and
strong field cases based on a locally optimized control theory.
The positively chirped pulses can be simply understood by
a consideration of the energy difference as a function of the
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Locally designed optimal pulses in a weak field case. The maximum field strength is ca. $x10* V. m™! for the pump pulse

and 4x10® Vm™! for the dump pulse. The inserted figure shows the time- and frequency-resolved power spectrum of the dump
pulse. This shows that the dump pulse consists of a linearly up-chirped pulse as indicated by a line as a guide.
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a) Nuclear wavepacket propagation in the ground state, and b) nuclear wavepacket propagation in the excited state in the

weak field case. Fast and slow components of the wavepacket in Fig. 8a originate from the nonadiabatic transition and from the
photodissociation induced by the optimal dump pulse, respectively.

nuclear distance between the two electronic states associated
with the photodissociation of Nal.

Conclusions

We have applied a locally optimized control method to
the photodissociation of Nal to neutral atom fragments by
a pump and dump pulse scheme. The aim of this reaction
control was to obtain as many neutral fragments as possible
within one cycle of the nuclear vibration. Weak and strong
field cases, depending on the peak intensities of laser pulses,
were considered. In both cases, the optimal dump pulses
were a linear up- chirped pulse. This confirms our previ-
ous result (Chem. Phys. Lett., 231, 50 (1994)) obtained by
using a non-optimal control method. The photodissociation
dynamics under optimal control pulses was analyzed by nu-

clear wave dynamics. There exist two components in the
kinetic energy of the dissociation products: one is due to the
nonadiabatic transition, and the other is due to photodissoci-
ation induced by the optimal pulses. In the case of a strong
laser field, a coherent excitation of vibrational eigenstates in
the ionic ground-state was created as a result of stimulated
emission. '
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