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The rotation of molecules in the gas phase can be coherently excited by
irradiation with strong nonresonant short laser pulses, interacting with the
molecular anisotropic polarisability. Such coherent rotational excitation has been
attracting much attention because of the intriguing nature of the rotational wave
packet thus created, and its wide applicability to dynamical studies and advanced
optics. In this review article, we first survey various experimental schemes
adopted so far for externally controlling molecular rotation, and then describe a
new approach based on a quantum-state resolved spectroscopic probe for
investigating coherent rotational excitation by intense nonresonant laser fields.
Representative examples are given to show how the method provides detailed
information on excitation pathways in wave-packet creation, and how it realises
full quantum-state reconstruction of the rotational wave packet in a favourable
case. We also describe an advanced wave-packet control, i.e. the creation and
characterisation of a unidirectionally rotating wave packet, and discuss a further
extension of this approach to explore coherent vibrational excitation.

Keywords: intense laser physics; molecular alignment; quantum-state distribu-
tion; rotational wave packet; angular-momentum orientation
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1. Introduction

Gas-phase molecules in an ordinary thermal condition undergo translational, rotational
and vibrational motions in a random manner, and the total molecular system is a
statistical ensemble that contains a number of molecules in many different states of
motion. Manipulating such microscopic states of motion of atoms and molecules has been
a great challenge in physics and chemistry. One of the greatest accomplishments in this
direction is ultracold quantum degenerate states pertinent to the translational motion of
atoms, now widely known as Bose–Einstein condensates (BECs); the experimental
realisation was awarded a Nobel Prize in Physics in 2001 [1]. Since then, BECs have
become an indispensable playground to test the basic concepts in various fields of physics
[2]. Translationally cold molecules have recently emerged as the next fascinating target,
and extensive studies have been devoted to creating them for use in fundamental physics
and novel chemistry under ultracold conditions. The present status in this field is described
in recent review articles [3,4].

In addition to translation, other degrees of freedom have been subjected to intensive
studies pursuing the manipulation of molecular motions. In particular, control over
rotation is of significance in elucidating structural information and the chemical reactivity
of molecules [5]. Since these molecular properties have a strong dependence on the
orientation of molecules in space, many important features are smeared out by averaging
over the angular degrees of freedom for isotropic ensembles. If anisotropy is introduced in
the system, the information that we can extract becomes much richer. Such a situation is
paralleled in X-ray crystallography, where precise structural determinations of complex
biomolecules are feasible from 3-D diffraction patterns of well-ordered crystals, but only
radial information can be obtained from Debye–Scherrer patterns of powder samples
composed of randomly oriented microcrystals.

To date, various approaches have been proposed and demonstrated to produce
anisotropic distributions in gas-phase molecular ensembles. Among them, a few studies
have reported experiments utilising directional inelastic collisions [6], particularly in
supersonic expansions [7]. Other investigations rely on the exertion of external fields. They
include the utilisation of inhomogeneous electric fields for state selection and subsequent
focusing [8], the application of high electrostatic fields to trap freely rotating molecules in
oriented states [9–11] and the implementation of polarised radiation resonant with optical
transitions [12,13]. In addition to these, the exploitation of nonresonant intense laser
pulses has been increasing dramatically [14,15], stimulated by recent rapid advances in

620 Y. Ohshima and H. Hasegawa

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
5
:
2
8
 
2
1
 
J
a
n
u
a
r
y
 
2
0
1
1



laser technologies. When gaseous molecules are exposed to an intense nonresonant laser
field, a torque is exerted so as to align the molecular axis along the laser polarisation vector
due to the interaction between the laser field and the molecular anisotropic polarisability.
If the laser pulse duration is much shorter than the molecular rotational period, the
irradiated molecular ensemble remains in a nonstationary quantum state of motion, even
after the laser field is diminished. Accordingly, the angular distribution pertinent to the
molecular orientation exhibits complex spatiotemporal propagation and, in most cases,
shows characteristic recurrences (rotational revivals), at which the molecules are
periodically aligned, with a specific time duration related to the molecular moments of
inertia [16–18]. This situation is illustrated in Figure 1. The process, now commonly
termed ‘nonadiabatic molecular alignment’, has been attracting much attention because of
the interesting physics involved [14,15]. Many studies of the time-dependent spatial
distribution of molecular ensembles have been reported, implementing various probing
methods, e.g. Coulomb explosion imaging [19–21], photofragment imaging [22–25], high-
order harmonic generation [26], instantaneous birefringence [27] and degenerate four-wave
mixing [28,29]. Nonadiabatic molecular alignment has also been applied in many studies,
in which the field-free molecular alignment in the space-fixed frame is extensively
exploited to extract anisotropic molecular properties represented in the molecular-fixed
frame [30–50].

The nonstationary quantum state, i.e. rotational wave packet, created in nonadiabatic
molecular alignment is a coherent superposition of eigenstates, in which the rotational
angular momentum J ranges among various values while its projection onto the space-
fixed axis, M, is preserved at its initial values. Thus, nonadiabatic alignment is inherently
accomplished by nonadiabatic rotational excitation (NAREX). Recently, the authors’
research group and others have reported experimental studies conducted by utilising a
frequency-domain spectroscopic probe on the rotational distribution after NAREX with
almost full quantum-state resolution [51–57]. It has been shown that such a state-resolved
investigation can afford details concerning the excitation process during exposure to laser

Random rotation

Intense laser
irradiation

Revival of alignment

Impulsive torque
exertion

Transient alignment

Coherent rotational
excitation

Figure 1. [Colour online] Illustration for nonadiabatic molecular alignment.
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fields and, in a favourable case, full characterisation of a rotational wave packet itself.
In addition, frequency-domain investigations can directly assess ultrafast control of the
rotational-state distribution via the manipulation of rotational wave packets [52,58–61].
In this respect, the new approach based on quantum-state-resolved measurements is
complementary to the aforementioned well-established methods, mostly probing the
degree of alignment, and is thus a promising tool for exploring the underlying physics and
developing novel applications in the evolutionally expanding field of nonadiabatic
molecular alignment or NAREX. This article attempts to provide an overview of the
research so far conducted in this field, focusing on selected topics to examine the utility of
the newly developed approach.

This article is organised as follows. In Section 2, we summarise preceding studies
concerning external control over molecular rotation based on various approaches, while
emphasising developments with intense nonresonant laser pulses. Section 3 describes the
basic theory needed to discuss nonadiabatic molecular alignment/NAREX via interactions
with nonresonant radiation fields. In Section 4, we address some experimental details of
the state-selective approach recently introduced in studies of NAREX. In Section 5,
several examples are presented to show the utility of measurements on the rotational-state
distribution. Finally, we remark on the outlook and make conclusions in Section 6.

2. Approaches to control of molecular rotation

2.1. Orientation by electrostatic field

When a static electric field is applied to a polar molecule, each rotational level, degenerate
in the absence of a field, is split by the Stark effect into sublevels with different values of
jMj. If an inhomogeneous field is applied by implementing, e.g. a hexapole, each of the
sublevels feels different forces due to the jMj-dependent interaction, and thus an
anisotropic subset can be selected from the total ensemble. Such state-focusing and
filtering methods, well established more than two decades ago [8], are still being actively
utilised in studies of photodissociation [62], bimolecular reactions [63] and molecular
structure [64].

If the field strength is large enough, field-free rotational quantum states with different J
values are mixed by the dipole–field interaction to form new eigenstates. The interaction
potential has a deep minimum when the molecular dipole points along the applied electric
field, and low-lying eigenstates have large probability in this direction. Thus, the molecular
dipole (and consequently the molecular-fixed axis) is on average ‘oriented’ with respect to
the space-fixed axis. This is similar to a pendulum in a gravitational field; so it is
commonly termed a ‘pendular state’ [9]. This ‘brute force’ orientation [10] of molecular
ensembles in the laboratory frame has also been adopted for examining steric effects in
reactive collisions [11] and directional photodissociation dynamics [65–67], as well as
various spectroscopic applications [68–70] (see also [15,71]). A number of theoretical
studies have also been reported concerning the evolution of the ‘pendular state’ and related
dynamics, as cited in [72]. In most of the experiments reported so far, the initial molecular
ensemble is prepared in an adiabatic expansion to concentrate the population in
low-energy rotational levels. Since the molecules travel from the field-free region into the
electrostatic field, the dipole–field interaction is, strictly speaking, time dependent.
However, the travelling time (in the �ms regime) is so much slower than the molecular
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rotational period (typically in the �ps regime) that the interaction can be regarded as
varying adiabatically in most cases, although nonadiabaticity may play a role in some
cases, particularly for asymmetric-top molecules [73,74].

2.2. Alignment and orientation by resonant transitions

Interactions with radiation fields also produce an anisotropic molecular ensemble. It is
well known that optical transitions by polarised radiation create an inhomogeneous
M-sublevel distribution in the final state via the interaction with the molecular transition
dipole [12,75,76]. A highly anisotropic distribution has been achieved by optical pumping,
by the cycling of one-photon resonant excitation with polarised irradiation, followed by
spontaneous emission [13]. Two-photon resonant stimulated Raman pumping has also
been used frequently to generate anisotropic ensembles [77]. All-optical selection of M
sublevels has been demonstrated by employing Autler–Townes splitting induced by
resonant electronic transitions [78,79]. It is noted that the anisotropy induced herein is
restricted to a subset with limited values of J, since all of the methods rely on resonant
transitions. The resultant states after irradiation are those with ‘aligned’ or ‘oriented’
rotational angular momenta for linear or circular polarisation, respectively. Here, the
populations in the former case are the same for �M; nevertheless, those for different jMj
differ from one another. The populations in the latter are different for þM and �M.
In both cases, the molecular-fixed axis is aligned, i.e. preferentially points parallel or
perpendicular to the space-fixed axis, but there is no ‘head-or-tail’ distinction, as exhibited
in electrostatic fields.

2.3. Adiabatic alignment by nonresonant optical fields

When the radiation is far off-resonant from any molecular transition, the field–matter
interaction arises from the anisotropic polarisability [14,15], which is significant for most
molecules. It contributes only in higher order than the dipole interaction, which depends
linearly on the field strength. Nevertheless, by using modern advanced lasers, the optical
interaction can overwhelm the static pendular potential. For instance, the static field
is usually limited to ca. 10MV/m by the occurrence of discharges between the elec-
trodes, and the corresponding interaction is only �2 cm�1 for a dipole moment of 1 D
(�3.336� 10�30 Cm). The potential is so shallow that only low-lying states of heavy
molecules can be trapped with substantial rotational cooling. On the contrary, there is no
difficulty in achieving an optical field of 10GV/m with commercially available pulsed
lasers, partly owing to the good spatial coherence of laser fields. Taking 1 Å3

(�1.1126� 10�40 C2m2/J) as a typical anisotropic polarisability, the interaction energy
reaches �500 cm�1. This value is much larger than the energy intervals for the free rotation
of lighter molecules, and the resultant molecular states exhibit a fairly high degree of
anisotropy. This is the most attractive feature of the method with nonresonant radiation,
even though it cannot easily achieve orientation of the molecular-fixed frame, as does the
static pendular state. In addition, the whole molecular ensemble is subjected to the
introduction of anisotropy, since the interaction is not related to any specific optical
transitions.
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Motivated by the above-mentioned advantages, the control of rotational motions by
intense nonresonant laser fields has now emerged as a rapidly evolving field of research
[14,15]. The manifestations of control can be categorised essentially into two types: one
involves an adiabatic regime, and the other a nonadiabatic regime. The former
corresponds to the situation where the field variation is much slower than the molecular
rotational period. Experiments using nanosecond (ns)-pulsed lasers are of this type. Here,
the system can be regarded as being in a stationary state governed by the interaction
potential, which depends on time only parametrically. The problem is then formally the
same as for strong static fields, except for a small difference in the functional form for the
potentials. Such an ‘optical pendular state’ was initially proposed in 1995 [80,81], and soon
after exemplified in stimulated Raman spectroscopic studies of molecular clusters [82,83],
with band contours much different from field-free cases [84]. A direct verification of spatial
alignment was achieved by using ion imaging of photofragments from optically aligned
iodine molecules [85,86]. These studies showed that the degree of alignment follows in time
the pulse envelope of the aligning ns laser. This is a clear manifestation of the adiabatic
nature of the process, where the field-free levels are smoothly modified to the
corresponding pendular states as the laser field rises, and then they gradually go back
as the field diminishes to recover the original isotropic ensemble [14]. Since then, this
‘adiabatic molecular alignment’ has been utilised to control the photodissociation
dynamics [87–89] and to determine the anisotropic polarisability of rare gas dimers [90].
In addition, the alignment associated with a structural deformation of CS2 has been
studied [91] and the degree of alignment has been directly assessed by pulsed gas electron
diffraction [92,93].

In the aforementioned studies, using linearly polarised light, the molecular alignment is
one-dimensional (1-D), with the major axis of the polarisability tensor aligned parallel to
the laser polarisation. Circular polarisation also provides 1-D alignment, as described in
the following section. However, the implementation of elliptically polarised light can
afford 3-D alignment for asymmetric-top molecules [14,94], and this has already been
demonstrated experimentally [95]. More sophisticated control over rotation in the
adiabatic regime is the attainment of orientation by combining a moderate electrostatic
field with a strong nonresonant laser field [96–98]. This control scenario was proposed in
1999 [96], and experimentally realised for polar linear molecules, OCS [99,100] and novel
Xe-containing hydrides [101–103]. The 3-D orientation of an asymmetric-top molecule has
also been reported by using electrostatic and elliptically polarised laser fields [104].
Quite recently, progress in the preparation of initial molecular ensembles has opened up a
new possibility in adiabatic control. It has been shown that extensive rotational cooling
down to 51K provides a degree of alignment reaching to �0.9 [105]. Rotational-state
selection by an inhomogeneous electrostatic deflector has been implemented to give an
even better degree of alignment and substantial orientation [106–108]. The combination of
two-colour phase-locked intense laser pulses has been proposed for all optical adiabatic
orientations [109], and experimentally verified quite recently [110].

2.4. Nonadiabatic alignment

The initial demonstration of nonadiabatic alignment with off-resonant optical fields
was achieved almost 40 years ago, by observing transient birefringence induced by
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aligned molecules [111,112]. Slightly later, a closely related method, rotational coherence

spectroscopy (RCS), was developed as a counterpart employing resonant transitions
[113–115]. The rotational wave packet thus created was composed of eigenstates with

J ranging among several values while M was preserved at the initial values (for the case
of linear polarisation). All the early investigations were conducted in a weak-field

regime, where the Rabi oscillation is so slow that the number of eigenstates involved is
limited by a single-step one- or two-photon coupling with DJ¼� 1 or �2. However,

for a stronger field, much broader J values participate via multi-step coupling, and the

resultant wave packet shows a much sharper angular distribution. This situation was
first discussed thoroughly in 1995 [16]. Since then, many theoretical studies have

predicted novel phenomena in strong-field nonadiabatic alignment, for instance, a
post-pulse enhancement of alignment [17,18,116–118]. The first experimental verification

was reported in 2001, where rotational revivals were clearly seen in the time-dependent
angular distribution probed by ion imaging [19]. This has been followed by an explosion

of studies on various molecular systems, e.g. diatomic [20,21,26,29,119–122], linear
[27,28,123,124], symmetric-top [25] and asymmetric-top [22–24,125,126] molecules.

In a closely related study, the creation of a rotational wave packet composed of
multiple eigenstates was reported in a resonance Raman study with intense ultrafast

pulses [127].
Studies on strong-field nonadiabatic alignment have been taking diverse directions.

As a natural route to foster controllability, excitation with a pair of ultrafast pulses has

been applied for a further enhancement of alignment [128,129]. Quite recently, repetitive

impulsive excitation with eight pulses was reported to achieve high alignment in a room-
temperature sample [130]. Double-pulse excitation has also been examined, particularly for

applications to information processing [31,32,36], and for the selective alignment of
isotopomers and spin isomers [37,38,131]. In addition, an orthogonally polarised pair has

been shown to give a transient 3-D alignment of asymmetric-top molecules [132,133].
A combination of short (�0.1–1 ps) and long (�10 ns) pulses has been used for alignment

enhancement [134] and 3-D alignment [135,136]. Excitation by elliptically polarised pulses
has been studied for the characterisation and realisation of 3-D alignment [137,138].

Several advanced pulse-shaping technologies have also been implemented. They include
adiabatic turn-on and sudden turn-off of the pulses [139,140], spectral phase modulation

[141,142] and adaptive control [143–146]. Two oppositely chirped pulses have been

shown to accelerate the molecular rotation to induce bond breakage by the centrifugal
force [147–149]. The combination of a rapidly turned-off pulse with a static field has been

proposed to achieve nonadiabatic orientation [150], and has been verified experimentally
[151]. Quite recently, orientation has also been realised by two-colour phase-locked intense

short pulses [152] and quantum-state selection, followed by impulsive excitation [153,154].
Single-shot imaging of transient alignment has been recorded by time-resolved optical

polarigraphy [155]. Nonadiabatic molecular alignment has also been utilised extensively
in many applications. They include an examination of the angular dependence pertinent

to tunnelling ionisation dynamics [30,35,40,45,156,157], direct imaging of molecular

orbitals and electron dynamics [33,34,39,43,48], mapping out the generation process
of high harmonic generation (HHG) [158–161], advanced control of HHG,

particularly related to attosecond pulse generation [41,42,44,46,50] and structural
determinations [47,48].
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3. Theoretical consideration on nonadiabatic rotational excitation

3.1. Interaction terms

The interaction with a radiation field is most properly approximated as that associated

with the electric dipole moment of a molecule. When the radiation is far-off resonant from

any molecular transitions, the semiclassical perturbative treatment, with which the field is

regarded as a classical wave, while the molecular system is quantal, casts the interaction

into a form that involves molecular polarisability as [15]

V
_

ðtÞ ¼ �
1

2

X
�,�

���E�ðtÞE�ðtÞ, ð1Þ

where E� is the space-fixed Cartesian component of the radiation field vector and ��� is

that of the molecular polarisability tensor (�,�¼X,Y,Z). This equation can be simply

explained in a phenomenological manner. When an external electronic field is applied, a

dipole moment is induced due to a finite molecular polarisability as

�indð Þ�¼
X
�

���E�: ð2Þ

It is noted that the induced dipole may not be parallel to the applied field in an arbitrary

case. After taking the integral of the induced dipole–field interaction, we have

V
_

ðtÞ ¼ �

Z
�ind � dE ¼�

Z X
�,�

���E� dE� ¼�
1

2

X
�,�

���E�E�: ð3Þ

It will be convenient to recast Equation (1) with a spherical tensor of rank k, T kð Þ �ð Þ, since
we can fully utilise the mechanical algebra of the spherical tensor formalism. We thus have

V
_

ðtÞ ¼ �
1

2

X2
k¼0

T ðkÞð�Þ � T ðkÞðE,E Þ: ð4Þ

T kð Þ E,Eð Þ is the tensor product of the electric field vectors [75], of which the component is

T ðkÞp E,Eð Þ ¼ E ð1Þ 	 E ð1Þ
� � ðkÞ

p
¼

X
p1þp2¼p

E ð1Þp1
E ð1Þp2

1, p1, 1, p2
�

k, p
�� �

, ð5Þ

where � � �h � � �j i is the Clebsch–Gordan coefficient, and the field vectors are represented in

the spherical tensor form as

E
ð1Þ
0 ¼ EZ, E

1ð Þ
�1 ¼ 


1ffiffiffi
2
p EX � iEY½ �: ð6Þ

We are now considering the far-off resonant case, so that the polarisability tensor is

symmetric and those of odd rank vanish by symmetry, to recast Equation (4) as

V
_

ðtÞ ¼ �
1

2
T
ð0Þ
0 �ð ÞT ð0Þ0 E,Eð Þ �

1

2

X2
p¼�2

�1ð ÞpT ð2Þp �ð ÞT ð2Þ�p E,Eð Þ: ð7Þ
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Next, we introduce the rotational matrix D kð Þ
p,q to transform the molecular properties

represented in the space-fixed frame (for which index p is used) to those in the molecular-

fixed frame (with index q) [75]:

V
_

ðtÞ ¼ �
1

2
D
ð0Þ�
0,0 T

ð0Þ
0 ð�ÞT

ð0Þ
0 E,Eð Þ �

1

2

X2
p¼�2

X2
q¼�2

ð�1ÞpD ð2Þ�p,q T ð2Þq ð�ÞT
ð2Þ
�p E,Eð Þ: ð8Þ

The molecular-fixed frame is commonly set to the principal axes for the molecular moment

of inertia because of a much simpler treatment of the energy levels, especially in the field-

free condition. Then, the nonzero tensor components of polarisability are given with the

molecular-fixed Cartesian components as

T
ð0Þ
0 ð�Þ ¼ �

1ffiffiffi
3
p �xx þ �yy þ �zz

� �
, T

2ð Þ
0 ð�Þ ¼

1ffiffiffi
6
p 2�zz � �yy � �xx

� �
T

2ð Þ
�1 �ð Þ ¼ 
 �xz � i�yz

� �
, T

ð2Þ
�2ð�Þ ¼

1

2
�xx � �yy
� 	

� 2i�xy
� �

:

ð9Þ

If the molecular shape is orthorhombic, the off-diagonal Cartesian components diminish,

to yield three independent parameters, T
ð0Þ
0 ð�Þ, T

ð2Þ
0 ð�Þ and T

2ð Þ
2 ð�Þ ¼ T

2ð Þ
�2ð�Þ. Symmetric-

top or linear molecules possess the following two components only by symmetry:

T
0ð Þ

0 �ð Þ ¼ �
1ffiffiffi
3
p �k þ 2�?

� �
 �

ffiffiffi
3
p

��, T
2ð Þ
0 �ð Þ ¼

2ffiffiffi
6
p �k � �?

� �


2ffiffiffi
6
p D�, ð10Þ

with �k and �? for the parallel and perpendicular components to the molecular symmetry

axis, respectively.
In a further treatment of Equation (8), there are several choices for the laser

polarisation direction. First, we consider a linearly polarised field along the space-fixed

Z-axis in the form of

EðtÞ ¼ t 0, 0, " tð Þ cos !tþ �ð Þ
� 	

 t 0, 0,E tð Þ
� 	

, ð11Þ

with "ðtÞ being the pulse envelope, ! the carrier frequency and � the phase offset.

Since T
0ð Þ
0 ðE,E Þ and T

ð2Þ
0 ðE,E Þ are only nonvanishing, the interaction for orthorhombic

molecules is represented as

V
_

ðtÞ ¼
1

2
ffiffiffi
3
p T

0ð Þ
0 ð�Þ �

1ffiffiffi
6
p D

2ð Þ�
0,0 T

2ð Þ
0 ð�Þ þ D

2ð Þ�
0,2 þD

2ð Þ�
0,�2


 �
T

2ð Þ
2 ð�Þ

h i� 
EðtÞ½ �

2: ð12Þ

The interaction can be averaged over the optical cycles due to the off-resonant condition

[15], to have

V
_

tð Þ ¼
1

2
" tð Þ½ �

2 1

2
ffiffiffi
3
p T

0ð Þ
0 �ð Þ �

1ffiffiffi
6
p D

2ð Þ�
0,0 T

2ð Þ
0 �ð Þ þ D

2ð Þ�
0,2 þD

2ð Þ�
0,�2


 �
T

2ð Þ
2 �ð Þ

h i� 
: ð13Þ

Thus, it depends only on the pulse envelope, irrelevant of the carrier frequency and the

phase. Equation (13) is recast by substituting the explicit forms for the rotational matrices

[73] as

V
_

tð Þ ¼ �
1

4
" tð Þ½ �

2 �xx þ �zz � �xxð Þ cos2 � þ �yy � �xx
� 	

sin2 � sin2 �
� �

, ð14Þ

International Reviews in Physical Chemistry 627

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
5
:
2
8
 
2
1
 
J
a
n
u
a
r
y
 
2
0
1
1



where � and � represent the Euler angle between the molecular-fixed z-axis and the laser
polarisation direction (i.e. space-fixed Z-axis), and that of rotation around the z-axis [15].
This expression is independent from the angle � of rotation around the Z-axis, which is a
clear signature of 1-D alignment by linear polarisation. For symmetric-top or linear
molecules, the interaction is much simpler, given as

V
_

ðtÞ ¼ �
1

12
"ðtÞ½ �

2 �k þ 2�?
� 	

þ 2D
2ð Þ�
0,0 D�

n o
¼ �

1

4
"ðtÞ½ �

2 �? þ D� cos2 �
� 	

: ð15Þ

This interaction forces the molecular axis to be aligned parallel to the Z-axis for D�40.
The space-fixed axes can be differently defined for the linear polarisation. Here, the

Z-axis is set along the laser propagation direction and the polarisation vector pointing to
the X-axis. This choice of the axes is convenient for the case when we implement multiple
linearly polarised pulses with their polarisation vectors tilted to another, as discussed later.
The field components are

EðtÞ ¼ t "ðtÞ cos !tþ �ð Þ, 0, 0
� 	

 t EðtÞ, 0, 0
� 	

: ð16Þ

Then, the nonzero tensor products are

T
0ð Þ

0 ðE,E Þ ¼ �
1ffiffiffi
3
p EðtÞ½ �

2
¼

ffiffiffi
2
p

T
2ð Þ
0 ðE,E Þ ¼ �

2ffiffiffi
3
p T

2ð Þ
�2ðE,E Þ: ð17Þ

In the case of orthorhombic molecules, the cycle-averaged interaction is represented as

V
_

ðtÞ ¼
1

4
"ðtÞ½ �

2 1ffiffiffi
3
p T

0ð Þ
0 ð�Þþ

�
1ffiffiffi
6
p D

2ð Þ�
0,0 �

1

2
D

2ð Þ�
2,0 þD

2ð Þ�
�2,0


 �� �
T

2ð Þ
0 ð�Þ

þ
1ffiffiffi
6
p D

2ð Þ�
0,2 þD

2ð Þ�
0,�2


 �
�
1

2
D

2ð Þ�
2,2 þD

2ð Þ�
2,�2 þD

2ð Þ�
�2,2 þD

2ð Þ�
�2,�2


 �� �
T

2ð Þ
2 ð�Þ


: ð18Þ

For symmetric-top or linear molecules, it can be given as

V
_

ðtÞ ¼ �
1

12
"ðtÞ½ �

2 �k þ 2�?
� 	

� D�D 2ð Þ�
0,0 þ

ffiffiffi
3

2

r
D� D

2ð Þ�
�2,0 þD

2ð Þ�
2,0

h i( )

¼
1

8
"ðtÞ½ �

2 D� 1þ cos 2�ð Þ½ � cos2 � � D� cos 2�ð Þ � �k þ �?
� 	� �

: ð19Þ

As is expected, the interaction exerts a force to align the molecular axis perpendicular to
the Z-axis at �¼ 0 or 	 for D�40.

When circular polarisation is implemented, the field components are denoted as

EðtÞ ¼ t "ðtÞ cos !tþ �ð Þ,�"ðtÞ sin !tþ �ð Þ, 0
� 	

, ð20Þ

where the þ and � signs correspond to right and left circular polarisation, respectively
(with definition of [76]), and the laser propagation direction is set along the Z-axis.
Then, the nonzero tensor products for the right circularity are

T
0ð Þ
0 E,Eð Þ ¼ �

1ffiffiffi
3
p E2

X þ E2
Y

� �
¼ �

1ffiffiffi
3
p "ðtÞ½ �

2
¼

ffiffiffi
2
p

T
2ð Þ
0 E,Eð Þ,

T
2ð Þ
�2 E,Eð Þ ¼

1

2
E2
X � E2

Y � 2iEXEY

� �
¼

1

2
"ðtÞ½ �

2exp �2i !tþ �ð Þ½ �:

ð21Þ
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Since the interaction is a linear combination of the tensor products, we take their optical

cycle averages as

T
0ð Þ
0 E,Eð Þ ! �

1ffiffiffi
3
p "ðtÞ½ �

2
¼

ffiffiffi
2
p

T
2ð Þ
0 E,Eð Þ, T

2ð Þ
�2 E,Eð Þ ! 0: ð22Þ

These values are the same for the left-circular polarisations. Then, the interaction for
orthorhombic molecules is represented for both circularities as

V
_

ðtÞ ¼
1

2
"ðtÞ½ �

2 1ffiffiffi
3
p T

0ð Þ
0 ð�Þ þ

1ffiffiffi
6
p D

2ð Þ�
0,0 T

2ð Þ
0 ð�Þ þ

1ffiffiffi
6
p D

2ð Þ�
0,2 þD

2ð Þ�
0,�2


 �
T

2ð Þ
2 ð�Þ

� 

¼ �
1

4
"ðtÞ½ �

2 �zz þ �yy
� 	

� �zz � �xxð Þ cos2 � þ �xx � �yy
� 	

sin2 � sin2 �
� �

: ð23Þ

This expression is reduced into the following form for symmetric-top or linear molecules:

V
_

ðtÞ ¼ �
1

6
"ðtÞ½ �

2 �k þ 2�?
� 	

� �k � �?
� 	

D
2ð Þ�

0,0

n o
¼ �

1

4
"ðtÞ½ �

2 D�þ 2�?ð Þ � D� cos2 �
� �

:

ð24Þ

This looks similar to Equation (15), but the molecular axis is forced to align perpendicular

to the Z-axis for D�40 in this case. A more general consideration including elliptically

polarised irradiation has been described in [94].

3.2. Time evolution of rotational states

Once the interaction with a radiation field is specified, the time evolution of the molecular

states can be tracked. We assume here that molecules reside in stationary states before

interacting with laser pulses. It is also assumed that the molecular Hamiltonian, Ĥ0, in the

field-free condition and the corresponding rotational eigenstates are well characterised.

Ĥ0 rj i ¼ Er rj i, ð25Þ

where r stands for an index to identify the eigenstates. For instance, when we consider a

closed-shell symmetry-top molecule, like benzene, in which the electronic orbital and the
spin angular momenta are quenched, the eigenstates are represented with a rotational

matrix as

rj i ¼ J,K,Mj i ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2Jþ 1

8	2

r
D
ðJÞ�
M,Kð�, �,�Þ, ð26Þ

with K being the projection of J onto the molecular symmetry axis. The eigen energy for

J,K,Mj i is

Er ¼ EJ,K ¼ hcBJ Jþ 1ð Þ þ hc C� Bð ÞK2, ð27Þ

where B and C are rotational constants (in cm�1 unit) with respect to the b- and c-axes

(the latter being the figure axis), and h and c are the Planck constant and the speed of light.

Centrifugal-distortion terms are not included in Equation (28) for simplicity (their
contribution may be negligible in the range of J to be considered).
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In many cases, the initial ensemble is a mixture of molecules in many different
eigenstates, but we first take a single rotational level as an initial state, rij i.
The nonadiabatic interaction with the nonresonant ultrafast laser field converts the
stationary state to a rotational wave packet, � tð Þ

�� �
, which is expanded as

�riðtÞ
�� �

¼ Û t, 0ð Þ rij i ¼
X
r

Cri,r exp �i!rtð Þ rj i: ð28Þ

Here, Û t2, t1ð Þ is the time-evolution operator from time t1 to t2 and !r ¼ Er=�h.
The complex expansion coefficient appearing in Equation (28) is factored as

Cri,r ¼ Ari,r exp i�ri,r
� 	

, ð29Þ

where Ari,r and �ri,r are the amplitude and the phase of each rj i state, respectively. Both of
them have real values. Because the time evolution maintains microscopic equilibrium, the
coefficient Cr 0, r is identical to Cr,r 0 , giving

Ar 0, r ¼ Ar,r 0 , �r 0, r ¼ �r,r 0 : ð30Þ

These identities have been numerically validated. These expansion coefficients vary during
the interaction with the laser pulses. They subsequently become constant after the laser
field vanishes, and the time propagation of the wave packet is entirely described with the
expð�i!rtÞ terms, depending on the field-free energies. Exact values of the amplitudes and
phases in the rotational wave packet can be derived by solving the time-dependent
Schrödinger equation (TDSE) with the initial condition, � t!�1ð Þ

�� �
¼ rij i,

i�h
@

@t
�riðtÞ
�� �

¼ Ĥ0 þ V̂ðtÞ
h i

�riðtÞ
�� �

: ð31Þ

Substituting Equation (28), this TDSE is recast into the following coupled differential
equations for the expansion coefficients:

i�h
d

dt
Cri,rðtÞ ¼

X
r 0

rh jV̂ðtÞ r 0
�� �

exp �iD!r 0, rt
� 	

Cri,r 0 ðtÞ, ð32Þ

where D!r 0, r ¼ !r 0 � !r: These coupled equations can be solved numerically to determine
the complex expansion coefficients, once V

_

ðtÞ is specified. The interaction is expanded with
rotational matrices, as shown in the preceding section, and the evaluation of its matrix
elements is straightforward when we adopt a symmetric-top basis set, using general
formula for the rotational matrix, as

J 0,K 0,M 0
� ��D 2ð Þ�

p,q J,K,Mj i

¼ ð�1ÞM
0�K 0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2J 0 þ 1ð Þ 2Jþ 1ð Þ

p J 0 2 J

�K 0 q K

� �
J 0 2 J

�M 0 p M

� �
, ð33Þ

where the round bracket denotes the Wigner’s 3-j symbol. For instance, when a linearly
polarised field along the space-fixed Z-axis is employed for NARAX, the interaction for
symmetric-top molecules, denoted in Equation (15), has matrix elements only diagonal in
K and M. Furthermore, they are nonvanishing only if DJ¼ 0, �2, for K¼ 0 and/or M¼ 0,
or DJ¼ 0, �1, �2 for K 6¼ 0 and M 6¼ 0. It is also noted that states with the same parity are
only coupled since the polarisability tensor is symmetric to the space inversion operation.
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In this case, the K and M values in Equation (28) [where r represents a set of (J,K,M)] are
preserved, while J can range among a wider distribution.

If molecules are distributed in different eigenstates in initial condition, we have to deal
with an incoherent ensemble, which is described with the following density matrix:

o ¼
X
ri

Wri �riðtÞ
�� �

�ri ðtÞ
� ��, ð34Þ

where Wri stands for the initial population for state rij i. The expectation value of a given
observable, Â, can be obtained as

Â
D ED E
 Tr oÂ


 �
: ð35Þ

For instance, let us consider the expectation value of cos2 �, which is frequently referred as
a measure of the degree of alignment [15]. By adopting Equations (34) and (35), we have:

cos2 �
� �� �

¼
X
ri

Wri �ri ðtÞ
� �� cos2 � �riðtÞ

�� �
¼
X
ri

Wri

X
r,r 0

C�ri,r 0Cri,r r
0

� �� cos2 � rj i exp iD!r 0, rt
� 	

: ð36Þ

As can be clearly seen, even after the laser field diminishes, it shows an oscillatory
variation in time, of which the beat frequencies are proportional to the energy-level
intervals. Since cos2 � is given as D

2ð Þ�
0,0 , its matrix element is evaluated by using Equation

(33) for the case of symmetric-top molecules. Then, beat frequencies with DJ¼�1, �2
only appear. Another example is the state distribution after the laser pulse, which can be
probed by a state-selective examination. The population for each probed state rj i is
given as

Pr 
X
ri

Wri Cri,r

�� ��2 ¼X
ri

Wri Ari,r

� 	2
, ð37Þ

so that the information on the composition of the wave packet is encoded.
We next consider the case when multiple pulses are employed to nonadiabatic

excitation. If another laser pulse is irradiated onto the molecule at t¼ 
, the wave packet
created by the first pulse represented in Equation (28) is further modified by the
interaction with the second pulse. The resultant wave packet at t after the second pulse is
expanded as

�ri tð Þ
�� �

¼ Û 0 t, 
ð Þ �ri 
ð Þ
�� �

¼
X
r

Bri,r 
ð Þ exp �i!rtð Þ rj i, ð38Þ

where Bri,r is the transition amplitude from the initial rij i state to rj i by the interaction with
the double pulses, and represented by

Bri,r 
ð Þ ¼
X
r 0

Cri,r 0C
0
r 0, r exp �iD!r 0, r


� 	
¼
X
r 0

Ari,r 0A
0
r 0, r exp �i D!r 0, r
 � �ri,r 0 � �

0
r 0, r


 �h i
,

ð39Þ

where the prime on the Cri,r and Ari,r coefficients indicates the properties by the second
pulse. Equations (38) and (39) show that the wave packet after the interaction with two
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successive short pulses can be fully described for an arbitral time delay between them once

the amplitudes and phases of the constituent eigenstates in the wave packets created by

each single pulse are known.
The simplest (but not uninteresting) application of the double-pulse excitation is that

by using a pair of pulses with identical intensity and envelope, between which the delay is

varied. The population of the rotational eigenstate, rj i, after the interaction with such a

pulse pair is the square of the absolute amplitudes given in Equation (39),

Bri,rð
Þ
�� ��2¼X

r 0

Ari,r 0
� 	2

Ar 0, r

� 	2
þ 2

X
r 04 r 00

Ari,r 0Ar 0, rAri,r 00Ar 00, r cos D!r 0, r 00
 þ Dr 0, r 00

ri,r


 �
, ð40Þ

with

Dr 0, r 00

ri,r
¼ �ri,r 00 þ �r 00, r � �ri,r 0 � �r 0, r: ð41Þ

Equation (40) shows that the information on the phase and amplitude of each eigenstate

constituting the rotational wave packet can be extracted from the delay-dependent

population for the rotational levels after an interaction with the double-pulse pair.

An experimental demonstration is described in Section 5.
The treatments of a linear molecule are quite similar to the procedure mentioned

above. For a closed-shell molecule, the eigenstate in a field-free condition is represented as

a spherical harmonics, J,Mj i, and the corresponding eigen energy and matrix elements are

derived by simply disregarding the K quantum number, i.e. setting K¼ 0. For asymmetric-

top molecules, each field-free eigenstate is represented as a linear combination of the

symmetric-top wave functions as

rj i ¼ J, 
,Mj i ¼
X
K

a
,K J,K,Mj i, ð42Þ

where 
 is an index for level ordering [75]. Thus, an evaluation of the interaction with the

laser field is straightforward, yet somewhat laborious, by using matrix elements for the

symmetric-top basis represented in Equation (33).
In the case of open-shell systems (here we only mention linear molecules), the electronic

orbital and/or spin angular momenta, denoted by L and S, respectively, couple with the

rotational angular momentum. There are two limiting representations to describe the

angular-momentum coupling. In Hund’s case (a), L and S are tied to the molecule so

strongly that only their projections on the molecular axis, � and �, respectively, are

preserved. Then, each rotational state is represented by using a basis set, J,�,Mj i, with J

being the angular momentum including the electron motion and � for its projection onto

the molecular axis (¼�þ�) [75]. In this case, K appearing in Equation (33) should be

replaced by �. The other is Hund’s case (b), which is commonly adopted to molecules with

L¼ 0. Here, S couples to the rotational angular momentum N (instead of J used before for

closed-shell molecules) to have the total angular momentum J¼NþS. Then, the

rotational state is represented by a coupled basis set,

N,S, J,Mj i ¼
X

MSþMN¼M

N,MN,S,MS j J,Mh i N,MNj i S,MSj i: ð43Þ
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By using the basis functions, the matrix element of the rotational matrices to evaluate the

interaction by the laser field is given as

N 0,S, J 0,M 0
� ��D 2ð Þ�

p,0 N,S, J,Mj i

¼ ð�1ÞJ
0�M 0

N 0,S, J 0
�

D
2ð Þ�

.,0

��� ���N,S, Ji
J 0 2 J

�M 0 p M

� �

¼ ð�1ÞJ
0�M 0 J 0 2 J

�M 0 p M

� �

� ð�1ÞN
0þSþJþ2 N 0

�
D

2ð Þ�
.,0

��� ���Ni ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2J 0 þ 1ð Þ 2Jþ 1ð Þ

p N 0 J 0 S

J N 2

� 

¼ ð�1ÞJ
0þJþ2N 0þSþ2�M 0 ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2N 0 þ 1ð Þ 2Nþ 1ð Þ 2J 0 þ 1ð Þ 2Jþ 1ð Þ
p

�
N 0 J 0 S

J N 2

� 
N 0 2 N

0 0 0

� �
J 0 2 J

�M 0 p M

� �
, ð44Þ

by employing the Wigner–Eckart theorem, where � � �f g is the Wigner’s 6-j symbol and hkki

represents the reduced matrix element [75].

4. Experimental method

The experimental approach recently applied in an investigation on NAREX is based on

the familiar pump–probe strategy. The schematic diagram for the experiments is shown in

Figure 2. At the beginning, the molecular ensemble to be examined is adiabatically cooled

in a supersonic expansion to concentrate the population to a narrow range of low-energy

rotational levels. Next, intense nonresonant pulses with durations of femotosecond (fs) to

picosecond (ps) regime are irradiated onto the molecules to induce NAREX in the vibronic

ground state. Finally, the rotational-state distribution after the interaction with the

ultrafast pulses is probed by the frequency-resolved spectroscopic method with ns pulses,

i.e. resonance-enhanced multi-photon ionisation (REMPI). Though a vast number of

pump–probe experiments have been reported so far, such a kind of totally different time

scales in the pump and probe processes have been rarely adopted, except for precise

coherent control by vibrational wave-packet interferometry [162,163]. Apart from the

single difference, this approach deserves several inherent advantages (and some drawbacks

also) much the same as the conventional pump–probe methods. For instance, like many

studies in the ns regime, it benefits from duplex selection by mass analysis and resonant

transitions owing to the REMPI probe employed. Thus, the effects by the intense ultrafast

pulses are explored both in species- and state-specific manners. In addition, when we

implement a pair of fs pump pulses with variable delay between them, the evolution of

coherently created states is traced in real time, as is the case for well-established ultrafast

pump–probe methods. On the other hand, it is necessary for molecules to be examined to

have bound–bound transitions in the visible or near UV region suitable for a REMPI

probe. This method is most closely related to ionisation-detected stimulated Raman

spectroscopy (IDSRS) [164,165], particularly nonlinear Fourier-transform Raman spec-

troscopy using broadband ns pulses [166,167]. This method and IDSRS rely on the
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interaction of the molecular polarisability with nonresonant intense pulses, though their
time scales (fs vs. ns) are much different from each other.

A typical experimental setup is schematically shown in Figure 3. It consists of
three essential parts: a molecular beam chamber with a time-of-flight mass spectrometer
(TOF-MS), an ultrafast laser system to deriver the pump pulses and a frequency-tunable
ns laser system to conduct the state-specific probe. The first part may not be so specially
designed. A mass resolution of M/DM� 300 at M� 100 is sufficient for this purpose,

XeCl
excimer

Dye laser SHG
crystal Probe

pulse
Lpr

Ti:Sapphire
fs laser

Pump
pulse

PV
(40 Hz)

C6H6/He 90 atm S MB

Lpu

D

Epu

Epr

Digital delay/pulse
generator

TOF-MS

Figure 3. Schematic diagram of the experimental setup for state-selective examination of
nonadiabatic rotational excitation. PV, pulsed valve; S, skimmer; MB, molecular beam; Lpr, lens
for probe pulses; Lpu, lens for pump pulses; and D, MCP detector. Epu and Epr are the polarisation
directions of the pump and probe pulses, respectively. From Ref. [53].

Adiabatic 
cooling by 

jet expansion

Impulsive 
excitation by 

fs pulse

Probing
distribution
by ns REMPI

Ground state

Excited state

Ionisation
potential

Pump

Probe

Figure 2. [Colour online] Experimental scheme for state-selective examination of nonadiabatic
rotational excitation.
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and it can be achieved without much difficulty by a linear TOF-MS with a relatively short

(e.g. 50 cm long) flight region. In addition, pulsed molecular beams cooperate in most
cases and thus the chamber should simply consist of beam-source, interaction and TOF/
detection regions. An important issue for the beam source is the preparation of molecular
ensembles with the rotational temperature being as low as possible. Since NAREX
provides a broad distribution up to higher rotational levels, even from a single initial state,

a restriction of initial states is crucial for a clear examination of the results after NAREX,
particularly for moderately large molecules giving congested spectra, even at ca 10K.
In previous investigations by laser-induced fluorescence, intensive rotational cooling
(51K) has been realised in a free-jet expansion with a modest stagnation pressure (up to
10 bar) [168–170]. On the other hand, there had been scarcely reported REMPI studies
under such an extensive cooling condition, probably due to warming up of the jet steam by

turbulence at the skimmer. A recently developed solenoid value has altered the situation
very much [171]. It can produce narrow packets of molecular streams (510 ms duration),
even when operated at 90 bar. Consequently, the skimmer turbulence has been suppressed
and efficient cooling has been attained. A typical performance of the high-pressure valve is
shown in Figure 4. Here, we have examined the excitation spectrum of the S1 S0 6

1
0

Io
n 

yi
el

d 
(a

rb
. u

ni
ts

)

–3 –2 –1 0 1 2 3

Wavenumber (cm
–1

)

10 bar

20 bar

30 bar

40 bar

50 bar

60 bar

70 bar

80 bar

90 bar

2 K

0.8 K

Obs.
Calcd.

Figure 4. [Colour online] Stagnation pressure dependence of the (1þ 1) REMPI excitation spectrum
of the S1 S0 6

1
0 band of benzene in a molecular beam with Ne as a buffer gas. Horizontal scale is

indicated as a relative wave number from the band origin. Simulated spectra for 0.8 and 2K are also
indicated for comparison.
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vibronic band of normal benzene (C6H6), by varying the stagnation pressure from 10 to

90 bar. The number of the observed rotational lines is so limited and, in particular, there
appear transitions only from (J,K )¼ (0, 0), (1, 0), (1, 1), (2, 2) and (3, 3) for 450 bar.

The observed spectrum is reasonably reproduced by that simulated at 0.8K. Such a sub-K

initial condition is certainly beneficial as detailed in the next section. It has to be pointed
out that Q- and pR-branches are observed to be stronger than the simulation.

The observed spectrum showed no change when we varied the polarisation direction of

the linearly polarised excitation pulse parallel or perpendicular to the molecular-beam
propagation direction. This observation has ruled out the possibility of any collisional

alignment in the molecular beams [7]. We speculate that the discrepancy may come from
the angular dependence of the ionisation efficiency, which appears via an alignment in the

S1 manifold imposed by the polarised excitation in a rotational-state dependent manner.

Further studies are necessary for any definitive discussion.
To realise an appreciable NAREX in molecules with moderate polarisability, a laser

pulse strength on the order of 1 J/cm2 is necessary. This requirement has been fulfilled by

employing ultrafast laser systems now commercially available. For instance, a multipass

amplifier seeded with a mode-looked fs Ti:sapphire laser, installed in the authors’ research
group, provides near-infrared (centred at �820 nm) pulses with up to 2.5mJ/pulse and

�40 fs duration at 1 kHz. The output from the laser system is sent to cross the molecular
beam in the orthogonal direction. In double-pulse excitation studies, the pump beam is

split into two pulses of equal intensity in a Michelson interferometer, and one of them is

appropriately delayed against the other by a computer-controlled linear positioning stage.
The pump pulses are linearly polarised. When we control their mutual polarisation,

a quarter-wave plate is inserted in one arm of the interferometer, and after passing through

the plate twice (back and forth) the polarisation direction of one pulse is rotated by a
chosen angle with respect to the other. When Fourier-transformed pulses are used, the

pump field is often strong enough to induce multiphoton or tunnelling ionisation.
The ionisation is unwanted because it competes with the NAREX process, even though it

is useful to monitor the overlap between the pump and the molecular beams. Thus, the

pump pulses are usually chirped to stretch the duration to 4100 fs, by changing the
position of the compressor grating in the fs laser system.

State-selective probes have been carried out by using ns dye laser systems as a

frequency-tunable pulse source. The molecules examined so far have been nitric oxide

(NO) [51,52,55,56] and benzene [53–55,57]. They have been probed by (1þ 1) REMPI via
the A2�þ X2�1/2 (0,0) band (at �226 nm) and the S1 S0 6

1
0 band (at �258 nm),

respectively. In experiments on NO, the rotational lines were almost fully resolved with the
grating scan providing a bandwidth of �0.4 cm�1. The pulse bandwidth was reduced to

0.05 cm�1 by inserting an etalon in the dye laser for resolving the much congested

rotational structure of C6H6. The time delay between the pump and the probe pulses was
fixed to 100 ns. Collisional rotational relaxation was negligible on this time scale.

The polarisation direction of the probe pulses was set along with the ion extraction field

for TOF-MS. Another issue for attention is the spatial overlap between the pump and
probe pulses. It certainly matters for all of the pump–probe experiments, but it is very

crucial in studies on NAREX, since the degree of excitation depends significantly on the

pump field strength. Thus, we made the pump pulses loosely focused by a plano-convex
lens with f¼ 300mm, and its focal position was slightly shifted from the probe region.
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On the other hand, the probe pulse was reduced down to 10 mJ/pulse, and tightly focused
with a plano-convex lens with f¼ 170mm. The spatial profile of the pump beam has been
monitored at the probe position by a CCD camera; it has an oval shape with
80 mm� 100mm (FWHM). The probe-beam spot size has been measured by the knife-
edge method to have an FWHM of 26 mm� 29 mm. These results verify that a molecular
ensemble exposed by a relatively uniform pump field has been probed. To optimise the
spatial overlap between the pump and the probe beams, we first monitored the
enhancement of ionisation by the pump pulse, by temporally overlapping the two
pulses. Then, after setting back the appropriate delay, the beam position was slightly
adjusted by maximising the rotational excitation.

5. Studies on nonadiabatic rotational excitation by state-resolved probe

5.1. Nitric oxide

The first state-resolved measurement on NAREX was reported on NO [51]. The molecule
has been selected as a prototypical diatomic with suitable access via REMPI. Figure 5
shows an example of the A2�þ X2�1/2 (0, 0) band of NO recorded at various pump
pulse energies. Because of an efficient adiabatic cooling (Trot52K), almost the whole of
the population has been concentrated to the lowest state, J¼ 0.5 in the j�j ¼ 1/2 manifold
(the lower spin-orbit F1 sublevel). This is evidenced by the spectrum measured without the
pump [panel (a)], which exhibits only three lines sharing the common lower state, i.e.
J¼ 0.5. The upper spin–orbit F2 manifold with j�j ¼ 3/2 locates at �120 cm�1 higher than
F1, and no transition from F2 has been observed. Panels (b)–(d) correspond to the spectra
measured with pump energies of 0.17, 0.35 and 0.62mJ, respectively. The new spectral
lines appeared when a pump field was applied. Transitions from states with the maximum
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Figure 5. [Colour online] (1þ 1) REMPI excitation spectrum of the A2�þ X2�1/2 (0, 0) band of
NO after the irradiation of a nonresonant ultrafast laser pulse with various energies. The pulse
duration was 150 fs. From Ref. [51].
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J up to 2.5, 4.5 and 8.5 were observed for the applied pump energies. From the observed

spectra, the rotational-state distribution in X2�1/2 has been derived, as shown in Figure 6.

It is evident in this figure that the state distribution was spread among a wider range of J

from the initial distribution confined to the single J¼ 0.5 state, and its peak shifted to

higher J values as the pump laser intensity was increased. More remarkably, the state

distribution observed in NO (X2�1/2) does not vary smoothly against J. For instance,

states with J¼ 2.5, 4.5 and 6.5 have a larger population than the adjacent J¼ 1.5, 3.5

and 5.5 states.
In order to investigate the NAREX process of NO (X2�1/2), a numerical simulation

based on TDSE has been performed, as outlined in Section 3. The time-dependent wave

function is expanded as Equation (28), with parity-adopted Hund’s case (a) basis set,

X2�1=2; J, �j j,M,�
�� �

, which is represented as

J, �j j,M,�j i ¼
1ffiffiffi
2
p J, �j j,Mj i � �1ð ÞJ�1=2 J, � �j j,Mj i

� �
: ð45Þ

The eigen energy of a molecule is represented as

Er ¼ EJ ¼ B J� 1=2ð Þ Jþ 3=2ð Þ �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4B2 J� 1=2ð Þ

2
þA A� 4ð Þ

q

 A� 2Bð Þ, ð46Þ

with A and B being the spin–orbit coupling and rotational constants, respectively, and

the þ sign corresponds to levels in F2, while � to F1. Here, �-doubling and centrifugal-

distortion terms are not included, since their contribution is negligible. Thus, each J state is

doubly degenerate with different parities. Because A (¼123.13 cm�1)�B (¼1.696 cm�1)

for NO (X2�) v¼ 0 [172], Equation (46) can be approximated with sufficient accuracy for

low-J states in the F1 manifold,

EJ ¼ B Jþ 1=2ð Þ
2, ð47Þ

P
op

ul
at

io
n

0.5 5.5 10.5 J

0.0

1.0

0.5

Obs.
Calcd.

(a) 0 TW/cm
2

(b) 7 TW/cm
2

(c) 15 TW/cm
2

(d) 25 TW/cm2

(e) 40 TW/cm
2

Figure 6. [Colour online] Rotational-state distributions of NO (X2�1/2) after the irradiation of a
nonresonant ultrafast laser pulse. Distributions for 0, 7, 15 and 25TW/cm2 correspond to panels (a)–
(d) of Figure 5, respectively. From Ref. [51].
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after omitting the terms independent of J. Because the total Hamiltonian is invariant to

inversion in space, �ri ðtÞ
�� �

in Equation (28) has definite parity, and is composed of bases

with the same parity. In addition, when the linearly polarised laser field (along the space-
fixed Z-axis) is adopted, M is also preserved. The matrix elements for the laser–field

interaction are nonvanishing only for DJ¼ 0, �1 and �2. The DJ¼�1 coupling is only

allowed for linear molecules in a degenerate electronic or vibrational state, like NO (X2�),
where each rotational state with a certain J is composed of a degenerate � (or l)-doubling

pair. The matrix elements for � parities are the same. In addition, changing the sign of M

produces no effects on the matrix elements (aside from the phase). Thus, the time-

dependent wave functions with different parities are identical to each other, and those with
M¼þ 0.5 and �0.5 are also. The coupled differential Equations (32) were numerically

solved starting from, e.g. rij i ¼ J ¼ 0:5, �j j ¼ 0:5,M ¼ 0:5,þj i. The results are also shown

in Figure 6. The observed rotational-state distributions at 0.17, 0.35 and 0.62mJ agree well

with the calculated ones having laser intensities of 7, 15 and 25TW/cm2.
The time evolution of the probability densities, Cri,rðtÞ

�� ��2¼ Ari,rðtÞ
� �2

, of NO irradiated

by a fs laser pulse with various laser intensities is shown in Figure 7. The figure shows a

stepwise evolution from the initial state to higher-J states, which is induced by a Raman-

type excitation process governed by the interaction with the laser field. Even though each
excitation only involves changes in J by 1 or 2, such excitations can proceed successively to

transfer the population from low-J to higher-J states until the laser field diminishes. As the

laser intensity is increased, the build-up (and the subsequent fall-off) of rotational
populations for each states becomes faster and, as a consequence, excitation to higher-J

states is achieved.
A detailed examination of Figure 7 reveals a characteristic phenomenon in the

rotational-state evolution in NO (X2�1/2): pairs of adjacent states, {1.5, 2.5}, {3.5, 4.5},

{5.5, 6.5} and so on, show an almost identical time dependence, and the population of
1.5 (3.5, 5.5, . . .) is smaller than that of 2.5 (4.5, 6.5, . . .). This fact is explained as follows:

becauseDJ¼ 1 and 2 couplings are allowed, the initial population of J¼ 0.5 is transferred to

states with J¼ 1.5 and 2.5 almost simultaneously in the first excitation step. Subsequent
excitations with DJ¼ 1 and 2 further transfer the population to higher-J states in a stepwise

manner. However, the coupling strengths become dominant forDJ¼ 2 over those forDJ¼ 1

as J increases, as shown in Figure 8. Therefore, most of the population from J¼ 1.5 is

transferred to J¼ 3.5, while J¼ 2.5 to J¼ 4.5. As a result, the state population is
nonadiabatically transferred via two separate excitation pathways, starting from the

common initial state, J¼ 0.5! 1.5! 3.5! 5.5!� � � and J¼ 0.5! 2.5! 4.5! 6.5!� � �

Because the population transferred in the first step is smaller in the former pathway, the

subsequent states also have a smaller population than those in the latter pathway. The
existence of the two distinct excitation pathways directly cause the previously mentioned

dominating population for 2.5, 4.5, . . . in the observed state distribution of NO (X2�1/2).
Experiments utilising the double-pulse excitation by Meijer et al. [52] have provided a

clear verification of the bifurcated excitation pathways in the NAREX of NO (X2�1/2).
We have also performed quite similar experiments [55,56,173]. The delay-time dependence

of the rotational-state distribution was examined as the REMPI signals for each transition

with different J values, as shown in Figure 9. Characteristic modulations in population are
observed against the delay, and the modulation patterns differ from one another for

different J. The delay-time dependence of the rotational-state distribution was calculated
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Figure 7. [Colour online] Time evolution of the probability densities of NO irradiated by a
nonresonant fs laser pulse with various energies. From Ref. [51].
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by applying Equation (40), with the amplitudes and phases numerically evaluated by
solving the coupled differential equations presented in Equation (5). The results are also
represented in Figure 9. The agreement between the experiment and the calculation is
remarkably good.

Figure 10(a) displays the Fourier-transformed signals of the observed beat signals for
J¼ 1.5–6.5. As expected, the peaks appear at the positions corresponding to the rotational
energy differences, as shown in panel (b). The peak assignments are also shown at the top
of panel (a). It is noted that the rotational wave packet created via NAREX from the
initial J ¼ 0:5, �j j ¼ 0:5,M ¼ �0:5,�j i state is a coherent superposition of eigenstates
with J ranging from 0.5 to 6.5, having the same parity and M value. These states are
grouped into two according to the excitation pathways, as mentioned before. The existence
of two different groups of states is clearly seen in Figure 10(a). One of them, here referred
to as group I (J¼ 2.5, 4.5 and 6.5), has common peaks, such as 8B, 16B, 24B and 40B,
while the other group II (J¼ 1.5, 3.5 and 5.5) exhibits peaks at different positions, such as
3B, 12B, 15B, 20B and 32B. This exclusive nature among the two groups is a direct
consequence given in Equation (40), which shows that the beat amplitude appearing at
D!r 0, r 00 is proportional to Ari,r 0Ar 0, rAri,r 00Ar 00, r when probing the population of rj i with the
initial state rij i. When all of the three states rj i, r 0j i, r 00j i belong to the same group, all of the
transition amplitudes have appreciable values, but if one of the three, say, r 0j i, belongs to a
different group, Ar 0, r is almost negligible. These situations, as illustrated in Figure 11, are
another quantal correspondence to the well-known Young’s double-slit experiment,
in which interference appears when the initial and final points are connected via two
independent paths, but it vanishes if one of them is blocked.
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Figure 9. [Colour online] Population of each rotational level of NO (X2�1/2) irradiated by a
nonresonant intense fs double-pulse pair, plotted against the delay between the two pulses. From
Ref. [55].
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The delay-time dependence of the rotational-state distribution exhibits a noteworthy
feature. The state distribution changes periodically with the interval of �20 ps. This revival
time is twice larger than the well-known value, Trev¼ 1/(2Bc) [14–21]. This difference
originates from the energy level structure of NO. For a linear molecule in nondegenerate
electronic states, such as N2, O2 and CO2, the angular momentum J is an integer. Thus, the
rotational energy, EJ=hc¼ 0, 2B, 6B, 12B, . . ., BJ(Jþ 1), has the greatest common measure
(GCM) of 2B. The rotational wave packet represented in Equation (28) is invariant under
the time evolution from t to tþTrev because exp �i!rTrevð Þ ¼ 1. On the other hand,
molecules in degenerate electronic states, such as NO and OH, have a half-integer angular
momentum, J. The rotational energy is approximately given in Equation (47), with the
GCM of B. The rotational wave packet of those molecules returns to the initial value by
time evolution from t to tþ 1/(Bc).
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Figure 10. [Colour online] (a) Power spectra of the delay-dependent populations of each rotational
level, and (b) energy-level diagram of NO (X2�1/2) and the excitation pathways in the nonadiabatic
rotational excitation from the J¼ 0.5 initial state. From Ref. [55].
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Another important upshot from the double-pulse excitation studies is control of the
rotational-state distribution. Meijer et al. [52] have shown numerically that each of the two
excitation pathways can be selected by choosing a delay time 
 between the two excitation
pulses. This selectivity can be explained in a simplified manner, as follows. We first
consider the two-level system with eigenstates, rij i and rj i. Then, the population for the
latter state is expressed as

Bri,rð
Þ
�� ��2¼ Ari,r

� 	2
Ari,ri

� 	2
þ Ar,r

� 	2
þ2Ari,riAr,r cos D!r,ri
 þ �ri,ri � �r,r

� 	h i
: ð48Þ

If the two-phase factors are assumed to be not very different, the state population is
completely depleted at 
 ¼ 2	 nþ 1=2ð Þ=D!r,ri (n¼ 0, 1, 2, . . .). For the first excitation steps
from J¼ 0.5 to J¼ 1.5 or 2.5, 2	=D!r,ri ¼ 1= 3Bcð Þ or 1/(8Bc), respectively. Then, when 
 is
set to, for instance, 1/(2Bc), the population of J¼ 1.5 is minimised while that of J¼ 2.5 is
maximised. This difference in the initial steps leads to an enhancement or depletion in each
of the two excitation pathways. Of course, in reality, more than two eigenstates are
involved in the wave-packet creation and the two-level treatment is less adequate. Then, a
complete selection can be rarely accomplished, except for ideal two-level systems. Still,
in some cases, a high degree of selectivity will be realised by properly choosing the delay
and the intensity of the excitation pulses. Typical numerical results are shown in Figure 12.
At 
¼ 10.4 ps� 1/(2Bc), more than 70% of the population is concentrated to a single state,
J¼ 2.5. Interestingly, the population can also be concentrated to the initial state, J¼ 0.5,
for 
¼ 4.2 ps. The delay time is roughly close to 1/2 of 1/(3Bc) and 3/2 of 1/(8Bc), which
fulfil the depletion condition for J¼ 1.5 and 2.5, respectively. When a quantum state after
the sequential interactions with two identical pulses goes back to the initial state, the two
pulses are called a ‘zero effect pulse pair (ZEPP)’ [36]. ZEPPs are regarded as being highly
important in information processing based on molecular quantum states.

5.2. Benzene

Benzene (C6H6) has been selected as the second molecule for the state-resolved
measurement on NAREX [53]. The molecule is a prototypical symmetric top, possessing
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Figure 11. [Colour online] Schematic diagram explaining the appearance and the absence of a
certain beat component in the delay-dependent rotational-state populations of NO (X2�1/2)
irradiated by a nonresonant intense fs double-pulse pair.
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the other rotational degree of freedom than linear or diatomic molecule. As mentioned in

Section 3, the selection rules for level coupling in NAREX are rather strict for symmetric

tops, and make it greatly simple to track the excitation pathways. Still, a rich variety in the
excitation processes has been expected. Figure 13 shows the (1þ 1) REMPI excitation

spectra of the S1 S0 6
1
0 band measured with and without pump pulses. As mentioned in

Section 4, the spectrum without a pump is predominated by transitions only from the

lower rotational states of (J,K )¼ (0, 0), (1, 0), (1, 1), (2, 2) and (3, 3), because of the

efficient rotational cooling to 0.5K. Due to the D6h symmetry of the molecule, rotational
levels with K¼ 6n, 6n� 1, 6n� 2 and 6n� 3 (n being an integer) are associated with

nuclear spin wave functions with B1þB2, E2, E1 and A1þA2, symmetries, respectively.

For K¼ 0, even and odd J levels are assigned to B1 and B2 [168]. Nuclear spin conversion
during collisions is inefficient, so that molecules with different nuclear spin symmetries can

be regarded as different molecular species, i.e. ‘nuclear spin isomers’ [38,131]. The

observed five states are the lowest rotational states for the corresponding nuclear spin
isomers.
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Figure 12. [Colour online] Rotational-state distributions of NO (X2�1/2) after the irradiation of a fs
double-pulse pair, calculated for various delay times. Field strength is 34TW/cm2 for each pulse and
the pulse duration is 150 fs.
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The excitation spectra changed drastically when the pump pulses of 1.25 and 2.4mJ
were applied, as shown in Figure 13. Transitions from states with the maximum J up to 6
and 10 appeared for 1.25 and 2.4mJ, respectively. In the figure, a series of triplet lines are
recognised, particularly in the pP-branch. These characteristic triplet lines are assigned to
transitions from states with K¼ 1, 2 and 3. This is the consequence of the initial
distribution restricted to K¼ 0–3, with small contributions from K� 4 (1%), and the
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Figure 13. [Colour online] (1þ 1) REMPI excitation spectrum of the S1 S0 610 band of benzene
after the irradiation of a nonresonant ultrafast laser pulse with various energies. The pulse duration
was 700 fs. From Ref. [53].
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conservation of K in the NAREX process, as mentioned before. A quantum dynamical
calculation outlined in Section 3 has been performed to compare the observed spectra with
calculated ones on the basis of the population determined by solving TDSE. Figure 13
shows the calculated spectra, for which the pump intensities of 1.2 and 2.2TW/cm2 are
used with the 700 fs pulse duration. The match-up to the observed spectra is satisfactory.

The dynamical calculation has provided the time evolution of the probability densities
from several initial states of C6H6, as shown in Figure 14. The figure demonstrates the
systematic changes in the excitation pathways, depending on the quantum numbers. When
the initial states are those with K¼ 0 and/or M¼ 0, excitation proceeds in a stepwise
manner with DJ¼ 2 to higher-J levels. These NAREX dynamics are identical to those in
linear molecules. In the case of KM 6¼ 0, the excitation processes become more involved,
due to the additional DJ¼ 1 transitions. For M¼ 1, pairs of adjacent states show almost
the same time evolution, which looks quite similar to the bifurcated excitation pathways in
NO (X2�1/2), as mentioned before. The only difference is the predominance of DJ¼ 1 over
DJ¼ 2 in the first steps for C6H6, while the major pathway starts with DJ¼ 2 for NO.
On the contrary to the states with M¼ 1, higher-M states exhibit sequential build-up of
populations with DJ¼ 1. These excitation processes are governed by the relative sizes of
the coupling matrix elements. As a result, the population transfer in the K¼ 1 stack
proceeds in two different pathways, while all the subsequent J levels are connected to each
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Figure 14. [Colour online] Time evolution of the probability densities starting from various initial
states, calculated for benzene. The pump intensity is 1.2 TW/cm2 and the pulse width is 700 fs.
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other in the K¼ 2 and 3 stacks. Such details in the NARAX process of C6H6 have recently
been explored in double-pulse excitation experiments [174].

It is noted that NAREX from the (J,K )¼ (0, 0) state results in the populations of states
with K¼ 0 and even J concentrated into the single M¼ 0 sublevel. Similarly, since the
excitations from (J,K )¼ (1, 1) withM¼ 0 into even J states are forbidden, populations for
K¼ 1 with even J come solely from the initial state with M¼�1. Such highly polarised
rotational states will be utilised for various studies on reaction dynamics; for instance,
rotational state-selective measurements of the alignment dependence on photoionisation
or photodissociation.

5.3. Rotational wave-packet reconstruction

If we probe the population of the initial state after the double-pulse excitation, Equation
(40) reduces into

Bri,ri ð
Þ
�� ��2¼X

r

Ari,r

� 	4
þ 2

X
r4r 0

Ari,r

� 	2
Ari,r 0
� 	2

cos D!r,r 0
 þ 2 �ri,r � �ri,r 0
� 	� �

: ð49Þ

Thus, a series of measurements on the population by varying 
 allows us to determine the
set of amplitudes, Ari,r, and phases, �ri,r, for the constituent eigenstates. It is nothing but an
experimental reconstruction of the rotational wave packet created via NAREX by a
nonresonant ultrafast laser pulse. Quantum-state reconstruction of a wave function has
been a key issue in contemporary physics for over more than a decade [175–177]. Several
studies have reported its experimental realisation for atomic/molecular systems [178–182].
In these studies, the field–matter interaction is well within the perturbative regime. There
was only a single proposal concerning a tomographic reconstruction for a time-dependent
quantum state, generated nonadiabatically by an intense ultrafast laser pulse [183].
The proposed reconstructing procedure is based on observations of the polar angular
distribution, which is totally different from that by the measurements of Bri,rið
Þ

�� ��2:
To demonstrate quantum-state reconstruction by time-dependent population

measurements, benzene molecules have been selected as a sample to be examined [54].
Here, the A1 nuclear-spin species has been focused. The initial-state distribution in the A1

manifold is concentrated mostly to the (J,K )¼ (0,0) state (496% in the condition of
Trot� 0.5K), and this state contains only a single M (¼0) sublevel. Thus, we regard it as
being a good approximation that the initial molecular ensemble in this nuclear-spin
manifold is in a pure state, rij i ¼ Ji,Ki,Mij i ¼ 0, 0, 0j i. To measure the population
denoted in Equation (49), REMPI signals have been recorded by fixing the probe pulse on
the rR0(0) transition, while scanning the delay, 
. A typical example of the observed signal
is shown in Figure 15. This trace was least-squares fitted to Equation (49) to determine the
amplitudes and phases, with the beat frequencies, D!r,r 0 , fixed to those obtained from the
precisely known rotational constants. Excitation to states with J48 are negligibly small,
so five eigenstates (J¼ 0, 2, 4, 6 and 8 with K¼ 0) were included in the analysis. Because of
the normalisation condition on the population, the sum of the squares of the amplitudes
should be unity. This constraint was taken into account in the fit. Since Bri,ri ð
Þ

�� ��2 depends
on not the values of each phase, but the phase differences, 2 �ri,r � �ri,r 0

� 	
, the choice of

�ri,ri ¼ 0 was adopted. Figure 16 shows the determined phase and population for each J
state. It is noted that the determined phase has an uncertainty of 	 because the addition of
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	 gives the same value for Bri,rið
Þ
�� ��2. Hence, an appropriate choice can be made by a

comparison with the calculation mentioned below.
As can be seen in Figure 15, Bri,ri ð
Þ

�� ��2 almost (but not perfectly) revives (i.e. reaches to
unity) at certain delay times, i.e. 68 psþ nTrev where Trev¼ 88 ps for benzene. When the
probe laser sampled a wider region with a nonuniform pump field, the extent of the
revivals was greatly reduced because of the inhomogeneous dephasing inherent in a mixed
state, created by the varying field, even though the initial state was a pure state. In this
case, the sum of the determined AJj j

2 without any constraint for the normalisation in
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0.0

P
op
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J

R
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(b) 0
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Obs.
0

–2π 

– π

Figure 16. [Colour online] Population and phase for each eigenstate, constituting the wave packet
created by the nonadiabatic rotational excitation from the (J,K )¼ (0, 0) state of benzene Panel (a) is
the results from least-squares fitting of the experimental trace shown in Figure 15. Panel (b) is those
derived from the TDSE calculation. From Ref. [54].
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Figure 15. [Colour online] Population of the (J,K )¼ (0, 0) state of benzene irradiated by a
nonresonant intense fs double-pulse pair, plotted against the delay between the two pulses. From
Ref. [54].
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population became much less than unity. For the trace shown in Figure 15, the sum of the
population reached to 0.97, validating the creation of a wave packet by an intense laser
field with acceptable uniformity.

The phases and population calculated by solving the TDSE are also displayed in
Figure 16. Here, the pump laser intensity was adjusted so as to best reproduce the observed
phase and amplitude. The thus-obtained value (10TW/cm2) reasonably agrees with that
(8.4 TW/cm2) evaluated from the experimental parameters (pulse energy, duration and
spot size). As shown in Figure 16, the calculation satisfactorily reproduced the
experimental results. The phase determined in the rotational wave packet retrieval
decreases monotonically as J becomes larger. This is a clear experimental signature for the
stepwise excitation pathway during the interaction with the laser field, J¼ 0! 2! 4!� � �
in the K¼ 0 stack, obeying the rotational Raman selection rule of DJ¼�2. In the case of
the weak-field limit, the phase difference between two states coupled with the lowest-order
Raman process (proportional to the square of the field) is �	/2 (or 	/2) for negative (or
positive) D�. However, when the field is large enough to go beyond the perturbative
regime, the phase shift substantially deviates from the limiting value.

Once all of the phase and the amplitude for each constituent eigenstate is
experimentally retrieved, the spatial distribution for the rotational wave packet can be
evaluated at an arbitrary delay time. As representatives, the angular probability
distribution is indicated for some delay times in Figure 17. The phase, as well as the
amplitude, certainly controls the wave-packet dynamics. For instance, if
�0,Jþ2 � �0,J ¼ �	=2, as in the limiting case mentioned above, Bri,rið
Þ

�� ��2 becomes unity
when 
 ¼ nþ 1=2ð ÞTrev; so the two pulses are a ZEPP. In an actual situation, Bri,rið
Þ

�� ��2 at
nþ 1=2ð ÞTrev reaches only to 0.86, while the maximum (0.98) appears at 68 ps (þnTrev).

Figure 17. [Colour online] Reconstructed rotational wave packet of benzene, created from the
(J,K )¼ (0, 0) initial state by the excitation of the nonresonant fs laser pulse. The laboratory-frame
probability distribution for the molecular symmetry axis is indicated for several delay times. From
Ref. [55].
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The substantially different delays from nþ 1=2ð ÞTrev for the approximate ZEPPs are
definitely due to the phase shifts in the nonperturbative regime.

The double-pulse excitation coupled with the state-specific probe on the initial state,
described here, is the first experimental retrieval of a quantum state created by the matter–
field interaction beyond the perturbative regime. In the previous proposal for quantum-
state reconstruction [183], a polar angular distribution of the molecular ensemble is
expected to be used. Such data can be obtained via, for instance, photofragment ion
imaging. In cases of polyatomic molecules, however, care must be paid for effects of any
dissociation dynamics, i.e. the fragment velocity distribution in the molecular frame.
In addition, an initial ensemble in a single quantum state must be prepared, since all the
molecules are subjected by photodissociation. On the other hand, the present reconstruc-
tion relies on a modification of the initial wave packet by the second laser pulse, free from
possible dynamical effects in the probe process. It is not necessary to prepare a single-state
initial ensemble, thanks to the quantum-state-resolved probe to select an appropriate state
out from a mixed ensemble. This is a great advantage, particularly when we will apply it to
asymmetric-top molecules, for which state selection via, e.g. hexapole filtering is practically
very difficult.

5.4. Ultrafast angular-momentum orientation

Most of the studies so far reported on NAREX have been related to the alignment of the
rotational angular momenta in a molecular ensemble, yet irrelevant to the angular-
momentum orientation. There have been two reports on the orientation by irradiation of
nonresonant short pulses [148,184], but the duration of the excitation pulses implemented
therein were comparable to, or longer than, the rotational periods, so that these studies
were performed rather within the adiabatic regime. On the other hand, stationary
spectroscopic approaches implementing one- or two-photon resonant transitions have
been extensively applied to the realisation of the angular-momentum orientation [13,77].
The significance of the orientation is evident when we consider a classical vector model; the
signed value of M corresponds to the angular velocity around the Z-axis, so that the
creation of an oriented ensemble is to make the molecules rotate in the clockwise or
counter-clockwise direction, as shown in Figure 18.

J

Z

Jz = Mh

Jz    > 0 Jz    < 0

Figure 18. [Colour online] Classical vector model for angular momentum and the molecular
ensembles exhibiting orientation.
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In the previous studies of the orientation, circularly polarised radiations have been

exclusively adopted to induce the required helical interaction that breaks the right/left-

handed symmetry around the Z-axis. In the case of NAREX with nonresonant irradiation,

however, a circularly polarised pulse cannot exert any torque around the Z-axis, as shown

in Equations (23) and (24). Quite recently, it has been theoretically predicted [185] and

experimentally verified [57] that NAREX with a pair of linearly polarised pulses can

induce angular-momentum orientation when the mutual polarisation direction and the

time delay between them are properly arranged. Here, we set the Z-axis along the laser

propagation direction and the polarisation of the first pulse parallel to the X-axis.

The second pulse is delayed by 
, and its polarisation is tilted against that of the first one

by angle D�, as shown in Figure 19. Here a symmetric-top molecule is taken as a sample.

Then, the interaction with the first pulse is represented in Equation (19), and the expansion

coefficient appearing in Equation (28) is calculated by the TDSE employing the interaction

term. Of course, this single pulse excitation cannot bring any orientation, but the

introduction of the second pulse breaks the right/left-handed symmetry. When the new

axis system is defined so as the X0 axis is set parallel to the polarisation of the second pulse,

the new and old angular coordinates are related as: � 0 ¼ �� D�. Consequently, the

symmetric-top wave function transforms as

J,K,Mj i� J,K,Mj i exp iMD�ð Þ ð50Þ

By taking the transformation into account, the transition amplitude, Bri,r, in Equation (39)

is rewritten, if the second pulse is a replica of the first one, as

Bri,rð
Þ ¼
X
r 0

Cri,r 0Cr 0, r exp �i D!r 0, r
 �M 0D�
� 	� �

, ð51Þ

where r0 stands for the set of (J0,K0,M0). Because of the phase factor depending on the

angle D� and M, the final populations for þM and �M may differ from each other.

To clarify this, we here consider a simplified situation, where the laser field is weak enough

Linearly polarised
fs pumps (~800 nm)

Circularly polarised
ns probe (~260 nm)

or

τ

Δφ

Z

Y

X „

X

Figure 19. [Colour online] Experimental scheme for creating an oriented rotational wave packet by
tilted double-pulse excitation. From Ref. [57].
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to adopt a perturbative treatment. Then, the diagonal expansion coefficient is Cr,r � 1,
while that for r0 6¼ r is represented as

Cr,r 0 ðtÞ ¼ �i�h

Z t

�1

rh jV̂ðt 0Þ r 0
�� �

exp �iD!r 0, rt
0

� 	
dt 0: ð52Þ

The coefficient in Equation (52) is nonvanishing only when M�Mi  DM ¼ 0 or �2
because of the selection rules for the interaction given in Equation (19). In the case of
DM ¼ �2, Equation (51) is approximated as

Bri,rð
Þ ¼ Cri,riCri,r exp �i D!ri,r
 �MiD�
� 	� �

þ Cri,rCr,r exp �i D!r,r
 �MD�
� 	� �

� Cri,r exp iMD�ð Þ exp i D!r,ri
 
 2D�
� 	� �

þ 1
� �

: ð53Þ

This indicates that the populations for M ¼Mi � 2 may be different as a result of the
interference between the different phase factors for the two pulses. It is noted that D�
should neither be 6¼0 nor 	/2, otherwise no orientation is created because of the mirror
symmetry for the parallel or perpendicular polarisation arrangement. Equation (53) shows
that complete constructive and destructive interferences are realised for DM ¼ þ2 and �2,
respectively, in the cases that D�¼	/4 and D!r,ri
 ¼ 	=2þ 2	n or D�¼�	/4 and
D!r,ri
 ¼ 3	=2þ 2	n. For complete constructive and destructive interferences for
DM ¼ �2 and þ2, respectively, D�¼	/4 and �	/4 are interchanged under the conditions
mentioned above, designating the exchange of the relative polarisations for the two pulses.

The aforementioned discussion based on the perturbative treatment has been validated
by a numerical analysis with TDSE [57]. The molecular parameters for benzene [53] were
adopted in the calculations. In Figure 20, final populations starting from 0, 0, 0j i are
plotted against the delay, 
, for D�¼	/4. When the laser-field intensity is relatively low
(0.1 TW/cm2), the populations for 2, 0, � 2j i show completely anti-phase sinusoidal
modulations to each other, exhibiting maximum or minimum (¼0) at the expected delay
times, 
¼	= 2D!J¼2,J¼0

� 	
¼ 1= 24Bcð Þ ¼ 7.3 ps or 3	= 2D!J¼2,J¼0

� 	
¼ 1= 8Bcð Þ¼ 21.9 ps.

For a much higher intensity (1.6 TW/cm2), they come to show a substantial deviation
from the dependence represented in Equation (53), because of coupling with other
rotational states, which promotes population transfer to the higher levels via stepwise
excitation. Still, large population differences between the 2, 0, � 2j i states can be realised
in the vicinity of the conditions mentioned above.

The feasibility of the double-pulse excitation with mutually tilted polarisations has
been demonstrated with benzene as a sample molecule [57]. The experimental setup was
quite similar to the double-pulse excitation experiments with a state-resolved probe
adopted for NO, as mentioned in the previous section. One of the modifications was the
insertion of a quarter-wave plate in one arm of the Michelson interferometer to control the
polarisation of one of the excitation pulses. The other is the application of circularly
polarised probe pulses to assess the degree of orientation for each rotational level after the
double-pulse excitation. Figure 21 shows a typical example of the REMPI excitation
spectra, recorded after excitation by the fs pulse pair, of which the mutual polarisation
angle was set as 	/4 or �	/4. The delay time (7.3 ps) is optimum in the low-field limit to
achieve the largest orientation in the (J,K )¼ (2, 0) and (3, 2) states, i.e.

¼	= 2D!J¼2,J¼0

� 	
¼ 	= 2D!J¼3,J¼2

� 	
, as discussed before. Since the delay time also

provided substantial population differences between the �M sublevels in many other
rotational states, e.g. (2, 1), (2, 2), (3, 1) and (4, 3), P-branch transitions from these states
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showed pronounced intensity changes against the circularity of the probe pulse. This
experimental finding verified the successful realisation of the angular-momentum
orientation in the vibronic ground state of benzene. The relative intensities for the right-
and left-handed probe conditions were entirely reversed when the polarisation angle was
changed form 	/4 or �	/4. This is a natural consequence of the symmetry concerning the

right- to left-handed reversal of the rotational angular momentum and the polarisation of
the probe pulse. At this delay time, all of the probed rotational states showed the same
preference in the orientation, so that all of the observed transitions for D�¼	/4 (�	/4)
appeared to be stronger (weaker) for the right-handed probe than those for the opposite
circularity. The TDSE calculation has also been performed to simulate the observation, by

taking into account the initial distribution over the five different rotational levels (with 19
different M sublevels in total), as shown in the top panel of Figure 21. The match-up
between the observed and calculated was satisfactory.

The delay dependence of the orientation was also examined numerically in [57].
The averaged degree of orientation,

�
ĴZ
�
 JZh i=

ffiffiffiffiffiffiffi
J2
� �p

, was evaluated by the TDSE

calculation for the ensemble starting from the five levels and their nuclear-spin weighted

average, as shown in Figure 22. The largest value of
���ĴZ��� reaches to 0.6 for (J,K )¼ (0, 0).

The oscillation amplitude of
�
ĴZ
�
gradually decreases for the initial rotational states with a

larger J, mainly due to partial cancellation by contributions from different M sublevels.
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Figure 20. [Colour online] Populations from the (J,K,M)¼ (0, 0, 0) initial state after the tilted
double-pulse excitation. Field intensities are: 0.1 TW/cm2 for (a) and 1.6TW/cm2 for (b) and (c).
In panel (a), the population of (J,M)¼ (0, 0) is out of the vertical scale. From Ref. [57].
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Still, the gross average of the five states keeps the largest
���ĴZ��� of �0.2. �ĴZ� for an

ensemble of different J levels shows revival transients, exhibiting dispersion-like shapes
with �10 ps duration at around the multiples of the half revival time, Trev=2¼ 1/(4Bc).
These transients look similar to those appearing in molecular-axis alignment and orien-
tation [14–21,149,151]. In particular,

�
ĴZ
�
in the vicinity of the zero delay rapidly reaches

its maximum (or minimum) within þ5 (or �5) ps, which is much shorter than the typical
time scale of rotation, Trev.

It should be pointed out that the oriented states provided in this scheme are wave
packets, or their ensembles with respect to the initially populated eigenstates, and thus
exhibit spatiotemporal propagation in an ultrafast time regime, which is a quantum-
mechanical representation of clockwise or counter-clockwise rotation of molecules. Such
nonstationary microscopic states of unidirectionally circulating motion have rarely been
realised, whereas time-dependent molecular alignment has been extensively studied so far.
While the theoretical consideration mentioned above is totally in a quantum-mechanical
perspective, Fleischer et al. [185] have shown that a classical explanation can also be given
for controlling the sense of rotation by the two impulsive-pulse excitation. The classical
description can be summarised as the following two successive processes. The first
impulsive pulse imposes a torque to the initial molecular ensemble with an isotropic
distribution, yielding to a squeezing of the angular distribution of the molecular axis along,
or perpendicular to, the laser polarisation direction. Then, the second impulse after an

pPK (2)

rP0(2)

pPK (4) pPK (3)

211 2 32 3 4

–1.4 –1.2 –1.0 –0.8 –0.6

Relative wavenumber (cm–1)

Figure 21. [Colour online] Excitation spectra of the P-branch region in the S1 S0 6
1
0 band of

benzene after a fs double-pulse excitation with 
 set to 7.3 ps, recorded with the right-handed (blue
lines) and left-handed (red lines) polarised probe pulse. The middle and lower panels show
experimentally observed ones for D�¼�	/4 and 	/4, respectively, while the upper one is simulated
for D�¼�	/4 with a laser peak intensity of 1.2 TW/cm2 for each pulse. From Ref. [57].
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appropriate delay time exerts another torque to align the molecular axis tilted by 45� from
the direction of the foregoing angular squeezing, to give rise to a unidirectional rotation of
the molecular ensemble. Here, the angular squeezing is a general phenomenon both in
classical and quantum systems when the delay between the two pulses is not so large that
the squeezing is achieved slightly after the impulse by the first pulse [117,118]. In this case
the creation of a unidirectionally rotating molecular ensemble is totally within the classical
perspective. On the other hand, angular squeezing can also be achieved after a longer delay
at the times of the rotational revivals. Such a kind of revival is involved with quantisation
of the rotational angular momentum, or the discrete nature of the rotational energy and a
correlation (harmonic relation) in the energy-level structure. Then, the latter part in the
two-step mechanism comes to invoke a quantum depiction. Fleischer et al. [185] have
examined the relative power dependence on

���ĴZ��� for a molecular ensemble in a thermal
condition to show that

���ĴZ��� is maximised when the two pulses have identical strength.

6. Outlook and conclusion

As demonstrated in Sections 5.1 and 5.2, the quantum-state-resolved probe pertinent to
NAREX can provide indispensable insights into excitation by intense nonresonant
ultrafast laser fields. The approach directly provides the diagonal elements of the density
matrix describing the NAREX process, which are usually difficult to extract by the
established methods for probing the degree of alignment. It is particularly beneficial when
we attempt to evaluate various scenarios proposed recently for ultrafast population
control via the manipulation of rotational wave packets [52,56–59]. Furthermore, the
state-resolved approach allows us to determine the excitation pathways experimentally,
when the double-pulse excitation is applied. Since the behaviours of diatomic/linear and
symmetric-top molecules have already been examined, asymmetric-top molecules will be

100806040200
Delay time (ps)

(0,0)

(1,0)

(1,1)

(2,2)

Total

^JZ ı

ˆ

ˆ

^ JZ ı

(3,3)

Figure 22. Delay-time dependence of the degree of orientation,
�
ĴZ
�
, for wave packets, created from

the five lowest rotational levels (J,K )¼ (0, 0), (1, 0), (1, 1), (2, 2) and (3, 3), as well as their nuclear-
spin weighted average (total). The laser peak intensity is 1.2 TW/cm2 for each pulse and D� is set to
�	/4. Vertical broken lines indicate delay time at zero and Trev� 88 ps. From Ref. [57].
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explored next. The multidimensional character of such molecules has been the subject of
substantial theoretical and experimental work [22–24,125,126]. In particular, it has
recently been shown that the directional dynamics of asymmetric tops exhibit a distinct
transition when the field strength of the excitation pulse is increased [126]. This new mode
of spatiotemporal propagation of the rotational state will be detailed by state-resolved
measurements. An experimental challenge is a serious spectral congestion frequently
appearing in asymmetric-top molecules, and frequency resolution with commercially
available dye lasers will not be sufficient. We may have to implement advanced laser
systems (e.g. based on the pulsed amplification of single-mode cw laser outputs), which
provide single-longitudinal-mode pulses with a Fourier-transform-limited bandwidth
(typically well below 0.01 cm�1).

As mentioned in Section 2.4, there is a rapidly growing number of studies for the
advanced control of rotational wave packets by implementing multiple-pulse excitation
[128–130,132–136], or using highly sculptured pulses [139–152]. An experimental retrieval
of the resultant quantum state is crucial for further wave-packet processing.
Manipulations by NAREX are very sensitive to the light fields because of the highly
nonlinear nature of the excitation processes, far beyond the perturbative regime in light–
matter interactions. A precise determination of the light field at the interaction region is
not easy, particularly for a sophisticatedly structured excitation pulse. In this context, the
experimental reconstruction procedure described in Section 5.3 will become much more
significant, since it can be applied to various types of molecule. The procedure can be
extended to holographic reconstruction, which is similar to those developed for resonant
excitations in a perturbative regime [177–179]. In wave-packet holography, an unknown
‘target’ state will interfere with a well-characterised ‘reference’ state. The population of the
initial state is monitored after the interaction of the two successive (i.e. ‘target’ and
‘reference’) pulses. Then, the delay-dependent population is represented as

Bri,ri 
ð Þ
�� ��2¼X

r 0

Atar
ri,r 0


 �2
Aref

ri,r 0


 �2
þ 2

X
r 04 r 00

Atar
ri,r 0

Atar
ri,r 00

Aref
ri,r 0

Aref
ri,r 00

cos D!r 0, r 00
 þ D�
� 	

, ð54Þ

with

D� ¼ �tarri,r 00
� �tarri,r 0

þ �refri,r 00
� �refri,r 0

: ð55Þ

Thus, all of the phases for the ‘target’ state can be determined unambiguously, with the
aforementioned 	 uncertainty being eliminated. The ‘reference’ state can be prepared as
that created via NAREX by a simple enveloped pulse, with the field strength estimated
from the experimental beam parameters. Characterisation of the ‘reference’ state will be
carried out by the procedure described in Section 5.3, in which the ‘reference’ pulse and its
replica are used. After a determination of the ‘reference’, the replica will be replaced by the
programmed pulse to sculpture a wave packet, yielding the holographic reconstruction of
the ‘target’ state thus created.

There are many possibilities for further investigations on unidirectionally rotating
wave packets. First, the degree of orientation can be improved by more elaborate
excitation with, e.g. multiple pulses or shaped pulses. NAREX with a skewed linearly
polarised pulse pair inherently involves excitation with DM¼ 0, as can be clearly seen in
Figure 20. If the excitation pathway is effectively cancelled out, the degree of orientation
will be substantially increased. Second, control of angular momentum may be extended to
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dense gases or even to some condensed media [186–189], when the turbulence from

environments that brings the loss of coherence in the created wave packets is slower than
the creation of orientation. Third, control of angular-momentum orientation is not

necessarily restricted to the overall rotation of molecules. It may also be possible to orient

the vibrational and/or electronic angular momentum in 2-D or 3-D isotropic systems,
when the relevant energy intervals are small enough to be covered by the laser bandwidth.

Such an angular-momentum orientation will be useful for ultrafast control of the magnetic

and optical response of the ensemble under consideration.
When the intensity of the nonresonant ultrafast pulse is increased, the irradiated

molecules are ionised as well as being rotationally excited. The strong-field ionisation has

been shown to have a significant dependence on the alignment angle of the molecular axis
with respect to the laser polarisation [30,35,40]. The population in the neutral state is

angle-selectively depleted, resulting in the creation of a rotational wave packet. Similarly,

it has been proposed and verified that internuclear-distance dependent depletion by
strong-field ionisation creates a vibrational wave packet in the neutral ground state

[190,191]. The alignment-dependent ionisation and the NAREX occur simultaneously

with a certain extent of coherent correlation, and they cannot be treated as independent
processes. Quite recently, the rotational-state distribution of neutral NO molecules

surviving strong-field ionisation have been explored experimentally and theoretically to
assess the correlated dynamics [192]. It is certainly possible to extend these studies, e.g. by

a thorough examination of the intensity and the pulse-duration dependences and by

implementation of the wave-packet reconstruction mentioned just above.
Since the polarisability of a molecule usually varies as its geometrical structure is

deformed, the field–matter interaction represented in Equation (1) depends not only on the

rotational coordinates (i.e. Euler angles), but also on the vibrational coordinates. Thus,
nonadiabatic interactions with a nonresonant ultrafast laser field can coherently excite

molecular vibration. The realisation of such a nonadiabatic vibrational excitation

(NAVEX) and the resultant creation of a vibrational wave packet is definitely the next
step to be made. Indeed, there have already been several reports of the observation of the

real-time propagation of vibrational wave packets induced by an impulsive excitation with

nonresonant intense fs pulses. HHG was applied to SF6 and N2O4, for which the
vibrational coherence created by a fundamental output from a Ti:sapphire laser was

monitored as the modulation of the high harmonics by the delayed second pulse [193,194].

An ion-imaging technique has been used for real-time probing the torsional motion of a
substituted biphenyl molecule, in which the molecular axis was fixed in space by adiabatic

alignment [195]. The quantum-state resolved approach with ns probe pulses will also
contribute to the research of nonadiabatic excitation of molecular vibration. It provides

several advantages, as in the case of studies on NAREX described in the previous sections.

First of all, the REMPI probe adopted herein provides an unambiguous selection of
molecular species by specifying the resonant transition and the ion mass channel to be

monitored. The vibronic band selection also ensures that the coherent transients observed

are exclusively those in the ground-state manifold. In addition, since the vibrational
excitation is attained by nonresonant impulsive pulses with a fixed wavelength, the method

will be applicable to various molecular systems once they have vibronic transitions suitable

to the REMPI probe. The best candidates for the state-selective approach are Van der
Waals (VdW) clusters, weakly bound by intermolecular interactions. In studies of neutral
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clusters, the duplex selection in mass channel and probe wavelength is crucial for a definite
size assignment, while the conventional ultrafast pump–probe approach often suffers from
mass channel chattering by fragmentation after ionisation. Because of the weak anisotropy
of the intermolecular forces, librations of constituent molecules in VdW clusters are highly
anharmonic and have wide amplitudes. Such intermolecular motions are inherently
associated with large modulation of polarisability, which is attached to the constituent
molecules. Accordingly, VdW clusters, particularly those composed of molecules with
large anisotropic polarisability, are expected to show strong Raman activities for
low-frequency intermolecular modes, as has been shown experimentally [164,165].
Time-domain studies will directly map out energy-level intervals and transition probabil-
ities pertinent to intermolecular vibration, as the frequency-domain experiments have been
doing [164,165]. One of the plausible advances from using intense ultrafast pulses is multi-
step Raman excitation to high lying levels, which are often difficult to access from the
zero-point level via a single Raman transition. Such a coherent excitation will be a
milestone in wave-packet manipulation of intermolecular vibration, with the ultimate goal
being coherent control of conformational transformations in floppy systems.
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[142] M. Renard, E. Hertz, S. Guérin, H. R. Jauslin, B. Lavorel, and O. Faucher, Phys. Rev. A
72, 025401 (2005).

[143] C. Horn, M. Wollenhaupt, M. Krug, T. Baumert, R. de Nalda, and L. Bañares, Phys. Rev. A
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