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Agas-phasemolecular ensemble coherently excited tohave anoriented rotational angularmomentumhas recently
emerged as an appropriate microscopic system to illustrate quantum mechanical behavior directly linked to clas-
sical rotational motion, which has a definite direction. To realize an intuitive visualization of such a unidirectional
molecular rotation, we report high-resolution direct imaging of direction-controlled rotational wave packets in ni-
trogen molecules. The rotational direction was regulated by a pair of time-delayed, polarization-skewed laser
pulses, introducing the dynamic chirality to the system. The subsequent spatiotemporal propagation was tracked
by a newly developed Coulomb explosion imaging setup. From the observed molecular movie, time-dependent
detailed nodal structures, instantaneous alignment, angular dispersion, and fractional revivals of the wave packet
are fully characterized while the ensemble keeps rotating in one direction. The present approach, providing an
accurate viewonunidirectional rotation inquantum regime,will guidemore sophisticatedmolecularmanipulations
by utilizing its capability in capturing highly structured spatiotemporal evolution of molecular wave packets.
INTRODUCTION

Similar to a three-dimensional (3D) object in amacroscopic scale,mo-
lecules can rotate around an arbitrary axis that passes through their
center of mass. The rotational period of molecules is typically within
the picosecond time regime, at least six orders of magnitude faster
than that of the macroscopic counterparts. Such an ultrafast motion
ofmolecules is governed by the physical laws inmicroscopic scale, that
is, quantum mechanics, owing to the size of molecules well below the
nanometer range. To gain a detailed insight into the molecular quan-
tum rotation, direct visualization of the ultrafast molecular rotation
has been repeatedly carried out formore than a decade by using intense
ultrafast laser technology coupled with ion-imaging measurements
(1–4). These observations have manifested quantummechanical sig-
natures, such as nodal structures and revivals in time-dependentmo-
lecular axis probability distribution (1–7). It has to be noted, however,
that the excitation scheme implemented therein kept the projection
(here denoted Jz) of the rotational angularmomentumonto an arbitrary
space-fixed axis in the initial expectation value (〈Jz〉 = 0) for isotropic
distribution. The rotational wave packet thus created cannot be directly
linked to any classical rotational motion, which is characterized by a
definite sense of rotation.

There have been several proposals and experimental verification of
the creation of rotational wave packets with gaining nonzero 〈Jz〉 value
(8–22). The ways to create such an unidirectionally rotating wave
packet include “optical centrifuge” with gradually accelerating circu-
larly rotating laser polarization field (8–14), implementation with a
pair of time-delayed linearly polarized ultrashort laser pulses with
skewed mutual polarization direction (7, 15–19), and excitation with
a chiral train of laser pulses (20–22). The sense of rotation of the mo-
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lecular systems has been monitored mostly via spectroscopic probes
observing, for example, circular dichroism in the ultraviolet transition
(13, 16, 20, 21), rotationalDoppler effect (18), and polarization-controlled
coherent Raman signals (12). Recently, ion-imaging experiments have
been conducted to track the unidirectional rotation of a molecular en-
semble (14, 19). They succeeded in capturing some signature of one-
way rotational motion of the ensemble, yet its observation window was
limited and the angular resolution was relatively low (14), or an impor-
tant character ofwave nature, for example,multinodal structure, did not
seem to be observed (19). Full spatiotemporal evolution of unidirec-
tional rotational wave packet still remains to be explored for further
understanding on molecular rotational dynamics.

Here, we report our results on detailed tracking of a spatiotemporal
behavior of a unidirectionally rotating ensemble of adiabatically cooled
N2 molecules. Coulomb explosion imaging (1–3, 23) has been used to
measure the time-dependent orientation of molecules by using a spe-
cially designed 2D ion-imaging configuration, which allows us to record
fragment ion distribution that cannot be collected by a conventional 2D
ion-imaging setup (23). We observed that the orientation distribution
was intricately dispersed and then revived while rotating in a defined
direction as it evolved in time. This is a clear signature of multilevel
quantum interference within unidirectionally rotating wave packets
(14), which has not been visualized so far. The present approach pro-
vides us a sharp image of the unidirectionally rotating molecules in
quantum regime, and it will also serve as a fundamental diagnostic tool
when rotational wave packets are used in broader chemical, physical, or
optical applications (11, 18, 24–36).
RESULTS

Figure 1 shows a schematic of the experimental setup, indicating the
space-fixed axis system adopted herein. The ensemble ofN2molecules
at the estimated rotational temperature of 6 K has been taken as a sam-
ple to be examined (seeMaterials andMethods). Most of the molecules
were populated in the lowest rotational levels with two different nuclear
spin wave functions pertinent to two identical 14N nuclei, that is, J = 0
for the ortho state (IN = 0 and 2) and J = 1 for the para state (IN = 1). To
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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).
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.
Mizuse et al. Sci. Adv. 2015;1:e1400185 3 July 2015 3 of 8
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rotation (counterclockwise in this case). The following dynamics
appears as inclined traces in Fig. 3A afterward. The oblique plot (t >
4.0 ps) clearly shows revivals after the interval of Trev, as does the non-
adiabatic molecular alignment with a single linearly polarized pulse
(1–7). The traces correspond to the time evolution of themost probable
angle, and their slopes give us an effective period of ~2 ps for the 2p
rotation. This value correlates to the classical angular speed of a rotat-
ing N2 molecule having an angular momentum of ~ 4ℏ. The observed
plot (Fig. 3A) has been simulated by the numerical calculation (see
Materials and Methods). Because the results are quite sensitive to
the peak intensity of the pulses, it was optimized to reproduce the ob-
servation, whereas the other parameters, for example, rotational tem-
perature and pulse duration, were fixed to the experimental values.
The resultant simulated plot (Fig. 3B) satisfactorily reproduces the ob-
served one, indicating the validity of the measurements. The optimized
peak intensity (15 TW/cm2) is half of the experimentally estimated value.

For a more detailed discussion on dynamics, selected snapshots of
the angular distribution are displayed in Fig. 3C. It is evident that the
distribution rotates in the counterclockwise direction when the time
course of the plots is followed, in particular, just after the interaction
with the skewed pulse (t ~ 4 ps). From the symmetrical “figure 8” shape
(Fig. 2, center), the distribution is distorted to be of “propeller” shape
(the first three plots in Fig. 3C). It is asymmetric with respect to any line
passing the center, indicating the transient chiral nature of the system.
As the systemevolves in time, the “propeller” is further deformed into a
cross-like structure at ~1 and ~3 ps after the creation of the unidirec-
tionally rotating wave packet. These timings are near Trev/8 and 3Trev/
8, respectively, and the transformation of the distribution is regarded as
thewave packet dispersion (14). An analysis by the Fourier transforma-
tion of the multiple moments, 〈Pn(cosf)〉, where Pn is an nth-degree
Legendre polynomial, shows, and the numerical calculation confirms,
Mizuse et al. Sci. Adv. 2015;1:e1400185 3 July 2015
that the wave packets created herein mainly consist of rotational states
with J up to 8 (fig. S1). Then, multiple angular speed components co-
exist, and after the instantaneous alignment (with the “figure 8” shape),
the angular distribution starts dispersing, resulting in the “cross” ormore
complicated shapes shown in the polar snapshots. In such a cross-
shaped distribution, two opposed arms correspond to the slower com-
ponents and the other two arms correspond to the faster ones. After
the angular dispersion, the faster arms catch up with the slower ones,
and the alignment revives at Trev/4, 3Trev/4, and so on (t ~6 and 8 ps,
for example). The angular dispersion and the revival are a manifesta-
tion of the quantum nature of a rotational wave packet (14), and it is
directly observed in the unidirectional rotation for the first time in the
present study. In Fig. 4, some of the observed polar plots are compared
with the results from the numerical calculation, with the corresponding
3D snapshots from the calculation. The simulated snapshots reasonably
agree with the observed ones. The animated angular distribution from
the observation and the simulation (movies S1 and S2) provide full de-
tails of the spatiotemporal evolution of the unidirectionally rotating
wave packet.

In the 3D snapshots of Fig. 4, distribution along the z direction
looks confined to the xy plane as predicted in the previous theoretical
study (15). This fact is confirmed experimentally by monitoring the
integrated signal intensity about the f angle. The time-dependent total
signal counts are plotted in fig. S2. In the case of the single-pulse ex-
citation, the signal shows remarkable oscillating features. On the other
hand, in the double-pulse unidirectional cases, such an oscillation is
damped by the second pulse irradiation, indicating the confined dy-
namics along the z axis.

We also made measurements with the reduced peak intensity of
the first and the second pulses by a factor of 1/2. The observed time-
dependent distribution (Fig. 5A) is drastically changed from that
Fig. 4. Comparisonof experimental and theoreticalwavepacket dynamics. (Top) Observed angular distribution, same as in Fig. 2C. (Middle) Simulated
polar plots. (Bottom) Simulated 3D probability distribution of the wave packet and their projections onto the three planes.
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recorded with the higher intensity (Fig. 3A). The traces in Fig. 5A show
more gentle slopes than those in Fig. 3A. An effective period for 2p ro-
tation is derived as ~3.5 ps, and the corresponding angular speed cor-
Mizuse et al. Sci. Adv. 2015;1:e1400185 3 July 2015
relates to an angular momentum of ~2ℏ. This corroborates with the
lower degree of rotational excitation (mainly up to J = 4) in the created
wave packet (fig. S3). The broadness of the traces is also explained by the
Fig. 5. Time-dependent angular distributions and selected snapshots of unidirectional molecular rotation induced by weaker pulses. (A)
Observed time- and angular-dependent probability, P(y = p/2,f,t). (B) Simulated plot corresponding to (A), with the laser intensity set to 7.5 TW/

cm2. (C) Polar plots of the observation in (A).
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lower degree of excitation, which leads to a less confined angular dis-
tribution in the wave packet. The simulated results (Fig. 5B) with the
peak intensity of 7.5 TW/cm2 satisfactorily reproduce the observation
(Fig. 5A). Detailed time evolution is also significantly altered, as shown
in the selected snapshots of the observed distribution (Fig. 5C) and the
movie of all the observed time dependence (movie S3). Thewave packet
dispersion at Trev/8 after the creation of the unidirectionally rotating
wave packet is less remarkable, and the “propeller” shape of the dis-
tribution is mostly preserved throughout the time evolution. This be-
havior can be regarded as the approaching of a dispersing wave packet
toward a nondispersing wave packet, which resembles the classical ro-
tation, as in a recent observation (14).
DISCUSSION

The present detailed observation of the highly structured spatio-
temporal evolution of the unidirectionally rotating wave packets mostly
relies on the successful restriction ofmost of the initial state to the lowest
rotational levels, J = 0 and 1, for the ortho and para nuclear spin iso-
mers of N2, respectively. Here, the dispersion and revival of the wave
packet are clearly imaged. Recently, Lin et al. (19) have also reported
an independent experimental observation of unidirectionally rotating
N2 molecules by coincidence ion imaging. The angular distribution
reported therein, however, was much less structured, and its time evo-
lution looked gradual and modest. This is because the molecular en-
semble studied in (19) was at higher temperature (20 K), and the
ensemble average over many initial states smeared out the fine inter-
ference structure.

In our experiments mentioned earlier, counterclockwise unidirec-
tional rotation (that is, f-increasing direction) was induced by setting the
secondpumppulse tiltedby45° to the left to the first pulse (that is,Df =p/4).
To make clockwise (f-decreasing) rotation, the simplest way is just
exchanging the polarization of the two pulses (Df =−p/4) while keeping
the delay between them the same for maximum alignment (15–17). Alter-
natively, the delay may be set for maximum anti-alignment (for exam-
ple, at ~8.2 ps, as shown in Fig. 2) while keeping themutual polarization
(Df = p/4) (16). The situation was experimentally verified in (19).

Various (potential) applications of the field-free molecular align-
ment and manipulated rotational wave packets have been reported
in studies of physicochemical processes (24–30), information proces-
sing (31–34), and advanced optics (18, 35, 36). In particular, unidirec-
tionally rotating molecular gas ensembles have been expected to be
used as broadband, transient wave plate retarders owing to the rotat-
ing birefringence of the system (35). Such a novel optics would lead to
much more sophisticated polarization shaping of ultrafast light pulses.
In addition, counter-rotating wave packets of two different nuclear spin
isomers of a molecule and a nondispersing unidirectional rotational
wave packet (“quantum cogwheel”) will be beneficial, respectively, to
nuclear spin isomer separation (15, 21) or to precise clocking of two
ultrafast pulses from different sources (34). For all these application of
unidirectional molecular rotation, the experimental evaluation of the
target ensemble is essential because the details of instantaneous shape
of the angular probability distribution will determine the output.When
nonresonant intense ultrashort laser fields are adopted, the excitation
process is much deviated from the perturbative regime (37), and the
resultant state is extremely sensitive to the field intensity, the precise
measurement of which is not an easy task. In this respect, the present
Mizuse et al. Sci. Adv. 2015;1:e1400185 3 July 2015
high-resolution spatiotemporal imaging of the rotational wave packet
should be ofmuch significance for further studies. Systematically exam-
ining the crossover of a dispersing rotational wave packet to a “quantum
cogwheel” would also be of relevance to quantum-classical correspon-
dence. The present high-resolution imaging would be an ideal experi-
mental approach for this objective. When the quality of the observed
time-dependent angular distribution is high enough, full experimental
reconstruction of the wave packet or, more generally, the densitymatrix
for the final state is feasible (38). High-throughput data acquisition of
the present ion-imaging setup may fulfill the criteria.

In conclusion, the present Coulomb explosion imaging provides di-
rect tracking of a complex spatiotemporal evolution of unidirectionally
rotating wave packets and is a major step toward the full experimental
characterization of sculptured molecular quantum states subjected to
the coherent interaction with highly controlled laser fields.
MATERIALS AND METHODS

Experimental design
Adiabatically cooled N2 molecules were introduced to the interaction
region of the imaging apparatus, schematically shown in Fig. 1. The
rotational temperature of the molecular ensemble was estimated to be
6 K by measuring a rotationally resolved electronic spectrum of NO
molecules in the same beam condition (in an independent experiment).
At this rotational temperature, the relative population in the rotational
states of N2 was 53, 31, and 15% in J = 0, 1, and 2, respectively, and <1%
in others. Theoretical simulations based on this initial condition well
reproduced the experiments, as mentioned earlier (Figs. 3 to 5). The
molecules in the interaction region were irradiated by three femto-
second laser pulses coming from a Ti:sapphire laser amplifier. The first
pulse was for molecular alignment (linearly polarized along the y axis,
center wavelength of 820 nm, 120-fs pulse duration, peak intensity
<30 TW/cm2), the second was for the direction control (a delayed rep-
lica of the first one only except for the linear polarization +45° tilted
from the y axis), and the third was the Coulomb explosion imaging
probe (circularly polarized in the xy plane, 407 nm, 100 fs, 600 TW/cm2).
Upon the probe pulse irradiation, the sample molecules of all the ori-
entation angle (in the polarization plane) were multiply ionized and
then exploded within the laser duration (Coulomb explosion). The di-
rection (left or right) of circular polarization did not affect the ob-
served images. This is because the speed of polarization rotation in
407-nm circularly polarized light is much faster (~1.3 fs per cycle) than
the rotational period, and themolecules feel a plane-like laser field. The
ejected fragment ion distribution is a direct measure of the molecular
axis distribution at the time of probe irradiation. The ions thus created
were first accelerated by a set of gridless lens electrodes along the y di-
rection, perpendicular to the laser propagation direction, and the 3D
expanding ion cloud was sliced out to be a thin disc sharing its center
with the sphere by passing through a slit set parallel to the x direc-
tion. At the time when the sliced ion “sheet” of interest arrived at the
new window region, a fast pulsed electric field along the −z direction
(~4 kV/cm, ~30-ns rise time) was applied to push it to the 2D position
sensitive detector (microchannel plates backed by a phosphor screen
and a digital camera), installed parallel to the xy plane. The initial ion
acceleration by the ion optics results in the compression of spatial ex-
pansion in the y direction. The raw observed image with an ellipsoidal
shape taken by the camerawas just calibrated by amultiplying factor to
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the y coordinate so that the probe-only image becomes a circle. The
corrected image represents a cross section of the fragment ion
distribution in the xy plane, that is, Pxy(f, t). In Coulomb explosion,
several dissociation channels ofN2

a+→Nb+ +Nc+ have been observed
(3, 39). Because higher charged states are favorable for rapid dissoci-
ation before molecular reorientation, we focused the N3+ fragment
ejected from the N2

4,5+ parent as a measure. Because higher charged
states are only created in a smaller volume near the beam waist (ca.
~10 mm in diameter), the restricted initial spatial distribution has little
effect on the observed images less. In this respect, the present imaging
setup can be regarded as in a velocity map configuration, although the
focusing of the ion lenses was relatively loose (1-mm distribution at the
interaction region corresponds to a ca. 0.50-mm spot at the detector).
The first pulse timing was defined as t = 0. The second, tilted pump
pulse was irradiated with some delay (~4 ps) to the first pulse to apply
a torque asymmetrically on the molecular ensemble. The subsequent
unidirectional dynamics was observed by scanning the delay of the
third, imaging pulse with a 33-fs step. One snapshot typically consists
of more than 200,000 ion counts, depending on the timing. Details of
our apparatus and data acquisition will be given in a future publication.

Numerical calculation
A model calculation is performed to evaluate the observed time-
dependent angular distribution of the molecular axis in the unidi-
rectionally rotating N2 ensemble. Here, the rotational wave packet,
|C(t)〉, created from an initial rotational state, |ri〉, by the two succes-
sive pulses is expanded as jCriðtÞ〉 ¼ ∑rCri;rexpð�iwrtÞjr〉 with wr =
BJ(J + 1)/ℏ. The rotational state, |r〉, of a diatomic molecule is just a
spherical harmonic, YJ,M(y, f). J and M stand for the rotational an-
gularmomentum and its projection onto the space-fixed z axis, and y
and f are the polar and azimuthal angles characterizing the direction
of the molecular axis with respect to the space-fixed axis system
defined in Fig. 1. The complex expansion coefficient, Cri;r , is derived
according to the procedure developed in our previous studies (16, 17),
which considered the transformation of the rotational states by the in-
teraction with a pair of time-delayed linearly polarized laser pulses with
skewedmutual polarization direction. Then, the time-dependent angu-
lar distribution is calculated as Pðy; f; tÞ ¼ ∑riWri jCriðtÞj2, whereWri
is the initial population in |ri〉, determined by the Boltzmann factor at
the temperature of the ensemble and the 1:2 statistical weights for the
para (IN= 1with odd J) and the ortho (IN= 0, 2with even J) nuclear spin
isomers. The observed images correspond to the distribution within the
xy plane, that is, Pxy(f, t) = P(y = p/2, f, t).

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/content/
full/1/6/e1400185/DC1
Fig. S1. Fourier transformation analyses of 〈Pn(cosf)〉 for the higher-intensity experiment.
Fig. S2. Time-dependent signal intensity as a measure of the probability in the xy plane.
Fig. S3. Fourier transformation analyses of 〈Pn(cosf)〉 for the lower-intensity experiment.
Movie S1. Unidirectional rotation induced by higher-intensity pulses (all frames of Fig. 3).
Movie S2. Calculated unidirectional molecular rotation, corresponding to movie S1.
Movie S3. Experimental movie for the lower-intensity case.
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