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We investigated the quantum-state distribution in nonadiabatic rotational excitation induced by a nonreso-
nant intense laser field. NO molecules, initially prepared in the lowest J=0.5 state, were rotationally excited to
states with up to J=8.5 at a laser intensity of 2.5�1013 W/cm2. The characteristics in the observed state
distribution were quantitatively reproduced by a quantum dynamical calculation, and excitation pathways
typical to molecules in a doubly degenerate state were identified.
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Nonadiabatic molecular alignment induced by intense
short laser pulses has been attracting much attention because
of the interesting physics involved and possible broader ap-
plications �1�. Here, a rotational wave packet is created from
an initial stationary state via an interaction between the mo-
lecular anisotropic polarizability and polarized laser fields
with much shorter duration than the characteristic time for
molecular rotation. Thus, nonadiabatic alignment is inher-
ently accompanied by nonadiabatic rotational excitation
�NAREX�, which yields novel ensembles of molecules resid-
ing in states with higher rotational angular momentum while
preserving the azimuthal quantum number as the initial value
�2–5�.

While most of the previous studies have been devoted to
exploring the degree of molecular alignment and its time
evolution, by utilizing various real-time measurements
�2,3,6–10�, the state distribution in NAREX has not been
focused on despite of the following physical significances.
First, details concerning the excitation process during expo-
sure to laser fields are encoded in the state distribution. Once
this information is used complementarily with a real-time
evaluation of the molecular alignment, it may lead to a full
experimental reconstruction of the rotational density matrix
�11�. Second, molecules in highly anisotropic states exerted
to NAREX will be particularly useful for studies of, e.g.,
quantum-state resolved collisional or reaction dynamics.
Third, NAREX can become a competent tool for changing
and controlling the rotational-state distribution of molecules,
especially when recent elaborate methods—i.e., double-pulse
pairs �12–14� and shaped pulses �15,16�—are invoked.

In the present work we performed a direct measurement
of the rotational-state distribution of a molecule irradiated by
a nonresonant femtosecond �fs� laser pulse by utilizing a
frequency-domain spectroscopic probe with almost full
quantum-state resolution. We give an experimental observa-
tion in a state-resolved manner of molecules exposed to in-
tense laser fields beyond the perturbative regime. Nitric ox-
ide �NO� was chosen as a molecule to be examined primarily
because of easy access for probing the distribution by
resonant-enhanced multiphoton ionization �REMPI� and sec-

ondary because of its characteristic rotational energy-level
structure in the doubly degenerate electronic ground state. A
theoretical calculation was conducted to show a quantita-
tively good agreement with the experimental results, and an
excitation process in NAREX unique to 2� molecules has
been unveiled.

In our experiment, a pulsed molecular beam of 0.5% NO
diluted in Ne with a stagnation pressure of 2.5 atm was pro-
duced in a differentially pumped vacuum chamber. The rota-
tional temperature was adiabatically cooled to less than 2 K,
where only states with J=0.5 were essentially populated. The
molecular beam was then sequentially exposed with two la-
ser fields: a fs Ti:sapphire laser �810 nm, 1 mJ/pulse, 150 fs
duration� and the doubled output from a nanosecond �ns� dye
laser ��226 nm, an energy resolution of 0.4 cm−1,
20 �J/pulse, 10 ns duration� following after 100 ns. Because
decreasing the delay down to 50 ns brought about no sub-
stantial change in the observed spectra, collisional relaxation
was negligible. Here, we refer to the former fs pulse as the
pump and the latter ns pulse as the probe, respectively. The
pump pulse was focused by a lens of f =300 mm on the
molecular beam. The A 2�+←X 2�1/2 �0–0� band of NO was
recorded by �1+1� REMPI by scanning the probe laser fre-
quency. A lens of f =170 mm was used for focusing the
probe pulse and the pump pulse was slightly defocused from
the interaction region by �5 mm to maximize the laser-
beam overlap. The focal spot diameters were estimated to be
150 �m for the pump and 30 �m for the probe. NO+ ions
thus generated by REMPI were detected by a linear time-of-
flight �TOF� mass spectrometer. Both polarizations of the fs
pump and the ns probe lasers were set parallel to the ion-
extraction field.

Figure 1 shows the �1+1� REMPI excitation spectra of
the A 2�+←X 2�1/2 �0–0� band recorded at various pump
pulse energies. As shown in panel �a�, the spectrum mea-
sured without the pump pulse exhibits only three lines in the
Q11, Q21+R11, and R21 branches with a common lower state
of J=0.5. This observation ensures that the initial distribu-
tion is restricted to the single lowest state due to efficient
rotational cooling. Panels �b�, �c�, and �d� correspond to the
spectra measured with pump energies of 0.17, 0.35, and
0.62 mJ, respectively. The new spectral lines appear when a
pump field is applied. Transitions from states with the maxi-*Electronic address: ohshima@ims.ac.jp
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mum J up to 2.5, 4.5, and 8.5 were observed for the applied
pump energies. By dividing the observed intensities by the
transition probabilities for each rotational line in the A–X
transition, the rotational-state distribution of pumped NO
molecules in X 2�1/2 was derived, as shown in Fig. 2. Here,
the plotted values for each J are the average from three tran-
sitions in the R21, R11+Q21, and P11 branches with the com-
mon lower J, while lines in P21+Q11 were not included be-
cause overlapping lines. The indicated errors correspond to
one standard deviation for data from the three different types
of transitions.

It is evident in Fig. 2 that the rotational-state distribution
is spread among a wider range of J from the initial distribu-
tion confined to the single J=0.5 state and its peak shifts to
higher J values as the pump laser intensity is increased. More
remarkably, the state distribution observed in NO�X 2�1/2�
does not vary smoothly against J. For instance, states with

J=2.5, 4.5, and 6.5 have a larger population than the adja-
cent J=1.5, 3.5, and 5.5 states. Such a kind of variation in
the distribution from a single initial state has not been ob-
served in the case of molecules in a nondegenerate electronic
state—e.g., N2 �X 1�g

+� �5�. In order to explain this feature
and to investigate the nonadiabatic rotational-excitation pro-
cess, the time-dependent Schrödinger equation was solved
numerically.

The interaction of a molecular anisotropic polarizability
with a linearly polarized nonresonant laser field can be ex-

pressed by V̂=− 1
4 �E�t��2��� cos2 �+���, where E�t� is the

envelope of the electric field of the laser pulse, ��=��

−��, with static polarizabilities parallel and perpendicular to
the molecular axis, �� and ��, respectively, and � is the
angle between the molecular axis and the laser polarization
�17�. The time-dependent rotational wave function of NO
can be expanded by Hund’s case �a� basis set �18�,
�X 2�1/2 ;J ,� ,M , p�, for field-free rotation, as �	�t� ;M , p�
=	J


dJMp�t�e−iEJt/��X 2�1/2 ;J ,� ,M , p�, where p represents
the � parity of the state, dJMp�t� is the probability amplitude,
and EJ=B�J+1/2�2 is the rotational energy of the
�X 2�1/2 ;J ,� ,M , p� state with B as the rotational constant.
Because the total Hamiltonian is invariant to inversion in
space, �	�t� ;M , p� has definite parity and is composed of
bases with the same parity. In addition, because we consider
here the linearly polarized laser field, M is also preserved.
Consequently, the time-dependent Schrödinger equation can
been converted to coupled equations on dJMp�t� �3,5�, in
which the interaction matrix element is explicitly expressed
by

VJJ�
Mp 
 �X 2�1/2;J,�,M,p�V̂�X 2�1/2;J�,�,M,p�

= −
1

4
�E�t��2�2

3
���− 1�M−1/2
�2J + 1��2J� + 1�

�� J 2 J�

− M 0 M
�� J 2 J�

− � 0 �
� − �1

3
�� + ���
J,J�� .

�1�

Because the value of VJJ�
Mp is the same for p=+ and �, the

resultant time-dependent wave functions with different pari-
ties �and dJMp accordingly� are identical to each other. The
coupled equations were numerically solved under the initial
condition of J=0.5 and M =0.5. We used a rotational con-
stant of B=1.696 cm−1 �19� and volume polarizabilities of
�� =2.26 Å3 and ��=1.43 Å3 �20�. The static polarizabilities
can be obtained by �static=4��0�volume, where �0 is the per-
mittivity of a vacuum. �E�t��2 was assumed to have as a
Gaussian shape with a full width at half maximum of 150 fs.
As shown in Fig. 2, the observed rotational-state distribu-
tions at 0.17, 0.35, and 0.62 mJ agree well with the calcu-
lated ones having laser intensities of 7, 15, and 25 TW/cm2.
When we evaluated the intensity from the total laser power
and the estimated laser spot size at the focal point, the values
were overestimated by 3 times. This overestimation should
be due to a slight misalignment between the two laser beams
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FIG. 1. �Color online� �1+1� REMPI excitation spectra of the
A 2�+←X 2�1/2 �0–0� band of NO. Spectra �a�–�d� were measured
by using pump energies of 0, 0.17, 0.35, and 0.62 mJ, respectively.
The assignments of the lines are also displayed at the top of the
figure.
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FIG. 2. �Color online� Observed and calculated rotational-state
distributions of NO pumped by fs laser intensities of �a� 0 TW/cm2

�0 mJ�, �b� 7 TW/cm2 �0.17 mJ�, �c� 15 TW/cm2 �0.35 mJ�, �d�
25 TW/cm2 �0.62 mJ�, and �e� 40 TW/cm2. The values in paren-
theses are the corresponding experimental pump pulse energies.
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and/or an uncertainty in the estimated spot size caused by
astigmatism.

The time evolution of the probability densities, �dJMp�t��2,
of NO irradiated by a fs laser pulse with various laser inten-
sities is shown in Fig. 3. The figures show a stepwise evolu-
tion from the initial state to higher-J states, which is induced

by the Raman-type excitation process governed by the V̂
interaction. Even though each excitation only involves
changes in J by 1 or 2, because of the nonvanishing matrix
elements in Eq. �1�, such excitations can proceed succes-
sively to transfer the population from low-J to higher-J states
until the laser field diminishes. As the laser intensity is in-
creased, the buildup �and the subsequent falloff� of rotational
populations for each states becomes faster and, as a conse-
quence, excitation to higher-J states is achieved.

A similar stepwise evolution of the rotational population
has already been reported in the calculation for N2 �5�. A
notable difference in the case of NO is the existence of ex-
citation pathways of �J=1 in addition to �J=2, which al-
lows all of the rotational states to be coupled with the initial
J=0.5 state. On the other hand, only �J=2 pathways are
allowed, for N2; states with even �or odd� J can only be
excited from the initial state with J=0 �or 1�. This difference
originates from the unquenched electronic angular momen-
tum � for NO in the X 2� state, where each rotational state
with a certain J is composed of a doubly degenerate
�-doubling pair with � and � parities. Therefore, �J=1

coupling is allowed by the V̂ interaction, which couples
states with the same parity. In contrast, because an adjacent

rotational state has a different parity for molecules with �
=0, such as N2 �X 1�g

+� �3,9,5�, CO �X 1�+� �8�, and O2

�X 3�u
−� �3,9,10�, �J=1 coupling is forbidden for them. It is

noted that linear molecules in vibrationally excited states of
degenerate bending modes or symmetric-top molecules in
states with K�0 will behave like NO in X 2�.

A detailed examination of Fig. 3 reveals a characteristic
phenomenon in the rotational-state evolution in NO
�X 2�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: because
�J=1 and 2 couplings are allowed, the initial population of
J=0.5 is transferred to states with J=1.5 and 2.5 almost si-
multaneously in the first excitation step. Subsequent excita-
tions with �J=1 and 2 further transfer the population to
higher J states in a stepwise manner. However, the coupling
strengths given in Eq. �1� become dominant for �J=2 over
those for �J=1 as J increases. Therefore, most of the popu-
lation from J=1.5 is transferred to J=3.5, while J=2.5–4.5.
As a result, the state population is nonadiabatically trans-
ferred via two separate excitation pathways, starting from the
common initial state, J=0.5→1.5→3.5→5.5→¯ and J
=0.5→2.5→4.5→6.5→¯. Because the population trans-
ferred 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 exci-
tation pathways directly causes the previously mentioned
dominating population for 2.5, 4.5, … in the observed state
distribution of NO �X 2�1/2�.

The present experimental determination of the rotational-
state distribution in NAREX opens up multiple applications
in intense-laser physics and the control of molecular pro-
cesses. First, the method should be utilized for detailed in-
vestigations of the excitation processes of various molecular
systems. Systems of particular interest are asymmetric-top
molecules, in which the multidimensional character has been
subjected to substantial theoretical and experimental studies
�6�. Another fascinating problem to be explored is the exci-
tation mechanism in an “optical centrifuge”�21�, where
chirped pulses with rotating polarization have been used to
accelerate molecular rotation, so that the molecule dissoci-
ates. Second, the method can be extended to manipulate the
rotational-state distribution by controlled NAREX. For in-
stance, excitation with a single pump pulse may not go be-
yond the maximum J over 10.5 in the case of NO, for which
multiple ionization by enhanced ionization �22,23� becomes
prominent at 40 TW/cm2 �24�. The limit will be overcome
by implementation of multiple-pulse excitation or pulse
shaping, which has been shown to be efficient for enhancing
transient spatial alignment �12,15,16,25�. Double-pulse exci-
tation has also been used for the phase control of rotational
wave packets �14�. In this study, a second pulse was intro-
duced at fractional revivals to interfere two wave packets.
Such interference will be traced in the state distribution, and
it will be particularly interesting to examine the “zero-pulse”
pair, which annihilates the wave packet created by the first
pulse and returns the molecular ensemble back to the initial
state �14�.
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FIG. 3. �Color online� Time evolution of the rotational-state
distribution calculated at pump intensities of �a� 7 TW/cm2, �b�
25 TW/cm2, and �c� 40 TW/cm2. The peaks of the pairing states
are shown by arrows in �b� and �c�.
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In summary, we have demonstrated quantum-state re-
solved observations in nonadiabatic rotational population
transfer by a nonresonant intense laser field. We employed
jet-cooled NO molecules, of which all of the population was
confined to the lowest J=0.5 state and the molecular en-
semble was irradiated by a strong 810-nm laser pulse with
150 fs duration. The resultant rotational-state distribution af-
ter nonadiabatic rotational excitation was investigated by
�1+1� REMPI detection employing a ns laser probe with
almost full rotational resolution, and a variation of the state
distribution against the laser field intensity up to 25 TW/cm2

was systematically examined. A quantum dynamical calcula-
tion, appropriated to 2� molecules, like NO, was conducted

to reveal the characteristic pairing of adjacent states in the
time evolution of the population. This trend, due to the exis-
tence of two distinct excitation pathways, governed the final-
state distribution, as observed here.
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