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induce unidirectional rotation in the sample, a pair of time-delayed,
polarization-skewed linearly polarized pulses was irradiated onto it,
as was in the previous studies (7, 15–19). The subsequent dynamics
was followed by recording the time-dependent angular probability
distribution with Coulomb explosion imaging induced by the third,
circularly polarized probe pulse. The present ion-imaging setup di-
rectly provided us the cross section of the distribution in the xy plane
(see Materials and Methods). To demonstrate the capability of the set-
up, some results for single-pump experiments are indicated in Fig. 2.
Here, the single y-polarized pump pulse followed by the probe pulse
was adopted to image the conventional nonadiabatic molecular align-
ment (1–7). Observed N3+ ion images and the corresponding polar
plots at several delay times are indicated. At the half revival, t = 4.0 ps
~ Trev/2, where Trev = 1/(2cB) ≈ 8.38 ps is the full revival time with B
(=1.989581 cm−1) being the rotational constant of the N2 molecule (3),
an elongated “figure 8” shape appears, which corresponds to the highest
degree of alignment (the center images of Fig. 2). This timing is set ex-
clusively to the interval between the two pump pulses in the following
three pulse experiments.We note that the quality of the images taken in
the present study ismuch improved than that in the previous report (3).

As the results of the three pulse experiments, the observed time-
dependent distribution for the unidirectional rotation is represented
in a false-color 2D plot (Fig. 3A), where the horizontal axis corre-
sponds to the delay time, t, of the explosion probe against the first pulse,
whereas the vertical axis corresponds to the azimuthal angle, f, de-
fined in Fig. 1. The peak intensity of the first and the second pulses was
estimated to be 30 TW/cm2 in this case from the experimental param-
eters, that is, beam spot size, pulse duration, and pulse energy. Before
t = 0, molecules are randomly oriented and the distribution is isotropic
(constant against azimuthal angle, with a value of 1/4p). Then, the first
alignment pulse induces the well-known nonadiabatic molecular align-
ment (1–7), and its symmetric dynamics with respect to the horizontal
lines at 180° continues until the second pulse comes. The second, tilted
pulse is introduced at around the half revival, t = 4.0 ps. This symmet-
rically aligned wave packet (Fig. 2, center) is exerted by the torque via
the interaction with the skewed second pulse to induce unidirectional
Fig. 1. Schematic of experimental setup and the space-fixed axis sys-
tem used. The upper-left image shows the definition of the present space-

fixed axis system, in which the laser propagates toward the z direction and
the polarization of the first pulse is parallel to the y axis. All the electric field
vectors of the three pulses are in the xy plane. The polar angle is y, and the
azimuthal angle is f. Because the laser polarizations define the plane of
rotation, in this case, time dependence with respect to f in the xy plane
characterizes unidirectional rotation dynamics. The apparatus consists of
ion optics (a set of gridless lens electrodes), a mechanical slit, a pulsed re-
peller, and a 2D position sensitive detector (MCP/screen/camera). The de-
tector surface is parallel to the xy plane so that the angle f of the ejected
direction for the Coulomb exploded fragments can be directly measured
from the 2D image. The four insets show typical observed images of the
fragment ions (after the calibration to make the images circles).
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Fig. 2. Selected snapshots of rotationalwave packet dynamics inducedby a single linearly polarizedpulse. (Bottom) ObservedN3+ ion images (after
the calibration). Thedouble ring structure comes from the two channels of Coulombexplosion (N3+ fromN2

4+ andN2
5+), inwhichhigher-charge states lead to
larger kinetic energy release (outer ring). (Top) Polar plots of the observed angular probability. The polarization of the pulse is vertical in this figure.
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Fig. 3. Time-dependent angular distributions and selected snapshots of unidirectional molecular rotation. (A) Observed time- and angular-
dependent probability, P(y = p/2,f,t), in the rotational wave packet dynamics. Before t = 0, molecules are randomly oriented and therefore the probability

is just 1/4p ~ 0.08. (B) Simulated plot corresponding to (A), with the laser intensity set to 15 TW/cm2. (C) Polar plots of the observation in (A), in which the
probability is displayed as a radius from the origin. The plots show the dynamics in the xyplane, and the first pulse polarization is vertical, whereas the second
is tilted 45° to the left. Selected snapshots during the revival time, Trev, after the second pulse irradiation are shown.
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