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Using high-precision coherent control to investigate

molecular wave-functions distorted by intense

femtosecond laser pulses; Toward a model study of

decoherence
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Introduction
Coherent control is a technique that manipulates the interference of wave functions by tuning

their amplitudes and phases using coherent light. It is a basic scheme of controlling a variety of quantum
objects ranging from simple atoms to nano structures with possible applications to novel quantum
technologies such as bond-selective chemistry and quantum computation. Besides those technological
applications, coherent control is heavily indebted to the wave nature of matter so that it should be a
promising approach to explore quantum world-view. Although almost 90 years have passed since
quantum mechanics was founded in 1920°s, it is not yet well understood how the microscopic quantum
world, where matter waves are clearly seen, is smoothly connected to the macroscopic classical world
without wave-nature of matter. One possible mechanism of this quantum-classical boundary is
decoherence. Decoherence is the process in which a quantum system loses its wave nature as a result of
the interaction with its surrounding environment. In this study the authors have employed their
high-precision coherent-control with attosecond-precision, which has been developed in their research
group, to better understand the mechanism of decoherence.

One possible straightforward approach to the test of decoherence is measuring the
fringe-contrast of matter-wave interference as a function of the size and complexity of environment.
Another approach will be the use of synthesized electric fields to mimic the interactions with environment.
The authors have employed the latter approach in the present study. They consider collision-induced
decoherence of a diatomic molecule. When a molecule is collided by another particle, the temporal
oscillation of its wave function is phase-shifted and its population is redistributed. These
collision-induced dephasing and population redistribution are the elementary processes of decoherence. In
an ensemble of molecules, collisions occur randomly to be incoherently superposed in real experiments,
even with the maximally coherent ensemble such as BEC. Fundamental physics that dominates atomic
and molecular collisions are electric interactions between two particles each of which is surrounded by an
electron cloud. The impulsive electric interaction during a collision scrambles these electron clouds in a
very short time scale which typically ranges from femtoseconds (fs) to picoseconds (ps), depending on
the temperature of the ensemble. Because of this ultrafast timescale and randomness, each individual
collision is impossible to be observed selectively. However, one can use an external electric field, ideally
designed to mimic such an ultrafast electric interaction during the collision. The only possibility to
prepare such an ultrafast designed electric field is to use a laser pulse. An ensemble of molecules can be
irradiated with a strong fs laser pulse so that it interacts with that laser field to serve as a simulator of the
ultrafast electric interaction during a single collision, in which the electronic cloud is scrambled on the
same ultrafast timescale.

The authors have applied this idea to a jet-cooled ensemble of the iodine molecules. The iodine
molecule is irradiated with a fs laser pulse to create a vibrational wave packet (WP), which is a coherent
superposition of multiple vibrational eigenstates. The molecule is then irradiated with an intense fs near
infrared (NIR) laser pulse to induce population redistribution and phase-shift of each individual

eigenstate.



Experiments

The iodine molecules were prepared in the ground electronic state (X) by an expansion of heated
I/Ar mixture into a vacuum chamber through a nozzle. The authors conducted two series of experiments
with this iodine sample; (i) the population redistribution measurement and (ii) the combination of the
~ phase measurement and the fs probe measurement. In (i) the population redistribution measurement, the
initial vibrational WP was created on the excited-state (B) with a 540 nm fs pump pulse and then
irradiated with a 1400 nm fs pulse to mimic the impulsive electric interaction during a single collision
(hereafter referred to as “NIR” pulse). This WP was interrogated with a narrowband nanosecond (ns)
probe pulse so that the population of each eigenstate is observed state-selectively, by the laser-induced
fluorescence (LIF) technique with the E state being the fluorescent state. In (ii) the combination of the
phase measurement and the fs probe measurement, on the other hand, they employed a 535 nm fs pump
pulse and an 800 nm fs NIR pulse to mimic the impulsive electric interaction. For the phase measurement,
this pump pulse was input to an attosecond phase modulator (APM), which is their homemade
Michelson-type interferometer highly stabilized in another vacuum chamber to generate a pair of laser
pulses whose delay was stabilized on the attosecond time scale. With this APM, they conducted
ultrahigh-precision WP interferometry, and observed phase shift of each eigenstate due to the NIR pulse
radiation, employing a ns probe pulse for the state-selective measurement. As to the fs probe
measurement, a 430 nm fs probe pulse was employed for the real-time observation of the WP temporal

evolution.

Result and discussion

In the population redistribution measurement, the authors observed that the population of each
eigenstate was modulated and showed oscillation as a function of the delay between the pump'and NIR
pulses with the period almost equal to the classical vibrational period of the WP. This oscillatory
modulation of population is elucidated in terms of the population redistribution among the eigenstates
within the WP, due to the NIR pulse radiation. As to the phase measurement, the phase shift on the each
eigenstate was observed and the amount of the phase-shift depended on the timing of the NIR pulse so
that it can be controlled. Furthermore this phase-shift control has allowed us to decelerate and accelerate
the spreading of the WP, which arises from dephasing among the multiple eigenstates within the WP
induced by potential anharmonicity. Comparison with theoretical simulation shows that these findings can
be elucidated by the distortion of the relevant potential curve induced by the NIR pulse. The population
redistribution and phase-shift of each individual eigenstate observed in the series of experiments
demonstrate that the present experiment serves as a good simulator of an ultrafast electronic interaction

during a single binary collision.
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