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Field-Free Alignment of Molecules Observed with High-Order Harmonic Generation
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High-order harmonic generation is demonstrated to provide a sensitive way for an extensive study of
dynamic processes in the field-free alignment of strong-field-induced molecular rotational wave packets.
The time-dependent harmonic signal observed from field-free-aligned N2, O2, and CO2 has been found to
include two sets of beat frequency for pairs of coherently populated rotational states. One of them is the
well-known frequency component characterizing the field-free alignment of molecules, and the other is
ascribed to the beat that arises from coherence embedded in the wave packet. We discuss the effect of each
frequency component on the revival signal observed with the harmonic generation.
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The interaction of an intense ultrashort laser pulse with
molecules has theoretically been shown to create a super-
position of coherently excited rotational states or a rota-
tional wave packet [1]. This wave packet gives rise to
transient alignment of molecules that is recurrent under
field-free conditions. There has been much interest in this
field-free alignment of molecules, because it provides a
promising and versatile way to control molecules with an
external field for a variety of applications [2]. The revival
structure in the field-free molecular alignment was first
observed with the Coulomb explosion imaging by Rosca-
Pruna and Vrakking [3]. The fundamental behavior and
dynamics of the alignment have been extensively studied
so far using the imaging [4,5] and polarization spectros-
copy [6,7].

Recently the present authors [8] and Zeidler et al. [9]
have reported the first observation of high-order harmonic
generation (HHG) from the rotational wave packet with an
intense femtosecond (fs) laser pulse. In contrast to the
HHG from randomly oriented molecules observed so far
[10], the harmonic yield was very sensitive to the molecu-
lar alignment [11] and strongly modulated by the temporal
evolution. The characteristic HHG observed demonstrates
an effective approach to an extensive study of wave packet
dynamics through the high-order nonlinear optical process
[8,9,12–14], while suggesting a possible new area of non-
linear optics using the molecular wave packet to control the
strong-field interaction.

The purpose of this Letter is to show a new aspect in the
field-free molecular alignment that emerges in the HHG
and to discuss the detailed structure and formation process
of rotational wave packets in time and frequency domains.
We focus our attention on temporal evolutions of harmonic
yield from the wave packet in N2, O2, and CO2 and their
frequency spectra. The results have shown that the time-
dependent harmonic signal includes two sets of beat fre-
quency for pairs of rotational states making up a wave
packet. One of them is well known to characterize the
field-free alignment of molecules with a full revival period
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of Trev � 1=�2Bc�, where B is the rotational constant. The
other is ascribed to the beat that results from coherence
embedded in the wave packet and creates the revival signal
with a period of Trev=2.

We consider a pump-probe experiment for simple
linear molecules such as N2 and O2, using nonresonant,
linearly polarized ultrashort laser pulses. The pump pulse
forms a ground-state rotational wave packet �g�t� �P
JaJ JM exp��iEJt=@� that brings about molecular

alignment and its field-free revivals, where  JM is the
field-free rotor wave function, pertaining to the eigene-
nergy EJ, for the rotational state with the angular momen-
tum J and its projection M on the field direction, and the
coefficient aJ depends on the interaction strength and
should almost be independent on time after the end of
interaction [1]. As theoretically discussed in detail, the
degree of alignment is characterized by the expectation
value hcos2�i, which is calculated using �g�t�, with the
angle � between the molecular axis and the field direction
[1]. It is well known that the time-dependent behavior of
hcos2�i is dominated by beats between any pair of rota-
tional states populated through the transition, �J � J-J0 �
0, �2 with �M � 0. For the rotational states with EJ �
2�@BcJ�J� 1�, the beat frequency is calculated as !1 �
2�Bc�4J� 6� for a pair of J and J� 2. This beat usually
leads to four transient peaks of hcos2�i in a revival period
Trev � 1=�2Bc� [3–7].

In the pump-probe experiment, the delayed probe pulse
generates high harmonic radiation from the wave packet,
and the harmonic signal is observed as a function of time
delay �t between the pump and probe pulses. The HHG
from a single molecule is illustrated well by a semiclassical
model consisting of three steps of ionization, acceleration
of freed electron, and recombination to emit a harmonic
photon [15]. This harmonic generation process is essen-
tially a single-cycle event in the laser field. In contrast, the
temporal change in the harmonic signal to be observed is
very slow and predominantly governed by the beat at!1 as
for hcos2�i.
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The experimental procedure was almost the same as in
our recent work [8]. Briefly, the laser can produce pulse
energy of 40 mJ in 40 fs pulses at 800 nm. The linearly
polarized output was split into two beams to produce a
variable time delay �t between the pump and probe pulses.
The two beams were recombined collinearly and focused
with a 50 cm focal-length lens into a pulsed molecular
beam jetted from a 1 mm diameter nozzle. The gas jet
pressure was typically 10 Torr. The accurate time delay of
�t � 0 was determined by the second-harmonic autocor-
relation signal produced with a small portion of the com-
bined pulses. The pump pulse intensity in the gas jet was in
a range of �4–8� � 1013 W=cm2, while the probe intensity
for the HHG was slightly higher than the pump. The
harmonic radiation was detected by an electron multiplier
mounted on a vacuum ultraviolet monochromator, and the
signal processed by a boxcar averager was stored on a
personal computer. The probe pulse polarization was fixed
to the direction along the monochromator slit, while the
pump polarization was usually parallel to the probe and
rotated by an angle � if necessary.

In the preliminary experiment we observed the time-
dependent signal for all orders of harmonic higher than the
15th for which the semiclassical model [15] would be
valid. Since their revival structures represented no funda-
mental difference, for the present study we selected the
19th harmonic (�	 42:1 nm) with a good signal to noise
ratio.

Figure 1 shows (a) a typical example of the harmonic
signal observed for N2 as a function of �t and (b) the
temporal evolution of hcos2�i simulated under the same
pump pulse conditions as in the experiment. The observed
time-dependent harmonic signal is well reproduced by the
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FIG. 1. (a) The 19th harmonic signal observed for N2 as a
function of time delay between the pump and probe pulses at the
intensities of 0.8 and 1:7� 1014 W=cm2, respectively, and
(b) temporal evolution of hcos2�i simulated under the same
pump pulse conditions, where Trot � 300 
K is assumed so as
to give the same J value for the peak amplitude as in Fig. 2.

24390
simulated result of hcos2�i, except for the signal at �t	 0.
This demonstrates that the harmonic is most efficiently
produced with N2 molecules aligned parallel to the probe
pulse field and suppressed with those aligned perpendicu-
larly, as reported so far [8,9,13]. The detailed revival
structure is seen comparing the observed signal with the
simulated hcos2�i. The large signal drop at �t	 0 is due to
strong ionization induced by the high intensity of super-
imposed pump and probe pulses, which is not taken into
account in the simulation. The onset of alignment is shown
by the first peak at �t	 0:2 ps after the pump pulse
interaction [16]. This signal peak rapidly decreases due
to dephasing of rotational states in the wave packet, but the
background signal from randomly oriented molecules is
kept higher than that at �t < 0. This enhanced background
at �t > 0 is seen also in the simulated result, whereas
hcos2�i � 1=3 for the isotropic distribution at �t < 0,
and attributed to the effect of the time-independent com-
ponent for �J � 0. The full revival of alignment is ob-
served at �t	 8:5 ps, corresponding to Trev � 8:3 ps with
B � 2 cm�1 for N2, where the rapid signal modulation is
due to the rotation of aligned molecules.

With the Fourier transform we analyzed the observed
time-dependent harmonic signal to see the structure, and
the result is shown in Fig. 2. The spectrum is mainly
composed of beat frequencies at !1 with a separation
�!1=2� � 4Bc, as expected. The spectral amplitude is
larger for the even J and weaker for the odd J, representing
the intensity alternation that originates from the population
ratio 2:1 between the even- and odd-J states of N2 [17].
Making the inverse Fourier transform for each, we have
confirmed that the even- and odd-J states contribute in
antiphase to the revival signals at Trev=4 and 3Trev=4 to
produce the small peak owing to the population difference,
as discussed by Dooley et al. [4].

The spectrum shown in Fig. 2 includes another set of
weak frequency component with a separation of 8Bc. This
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FIG. 2. Frequency spectrum of the time-dependent 19th har-
monic signal shown in Fig. 1(a). The inset is the extended
spectrum in the higher frequency region. The number on each
peak denotes the frequency 4J� 6 (in black) at !1 and 8J� 20
(in gray) at !2.
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component is definitely ascribed to the beat frequency
!2 � �EJ�4 � EJ�=@ � 2�Bc�8J� 20� for a pair of rota-
tional states J and J� 4. We note that the rotational wave
packet includes such additional coherence as to be detected
with the HHG, while hcos2�i is not allowed to contain the
!2 component due to the selection rule. This coherence
between the states for �J � �4 would be created by
multistep transitions during the wave packet formation
process, and then the spectral amplitude at !2 should be
much weaker than that at !1, as seen in Fig. 2. The time-
dependent signal from the !2 component is easily shown
to have the revival period of Trev=2 � 1=�4Bc�. Since it is
difficult to see the effect of the !2 component on the
revival signal in Fig. 1(a), we discuss it in detail for O2.

Figure 3 shows (a) the time-dependent 19th harmonic
signal for O2 and (b) its frequency spectrum. The full
revival is seen at Trev 	 11:6 ps, corresponding to B �
1:44 cm�1 for O2. The revival signals at multiples of
Trev=4 represent almost the same amplitude, since only
odd-J states are populated in the ground state of O2 with
no nuclear spin. The observed harmonic yield as well as the
revival signal was much smaller than that for N2. The low
HHG efficiency would result from the antisymmetric struc-
ture of molecular orbital [18]. We tried to find a different
angle � between the pump and probe field directions to
produce a larger revival signal, but the best signal modu-
lation was observed at �	 0
, as well as the highest
harmonic yield. This appears to be inconsistent with the
previous conclusion [13] that the HHG from aligned O2 is
peaked at �	 45
 and minimized at �	 0
 and 90
, while
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FIG. 3. (a) The 19th harmonic signal observed for O2 as a
function of time delay and (b) its frequency spectrum, in which
the number on each spectral peak denotes the frequency 4J� 6
(in black) at !1 and 8J� 20 (in gray) at !2. The pump and
probe pulse intensities are 0.5 and 1:2� 1014 W=cm2, respec-
tively.
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� might be different from �, and the phase matching
consideration is not involved.

The frequency spectrum shown in Fig. 3(b) consists of
the strong component at !1 and the weak at !2 for only
odd J. It is noted that the spectral peaks at !1=2� �
�42–58�Bc correspond to those at !2=2� � �92–124�Bc
for almost the same values of J � 9–13. This confirms that
the !2 component certainly originates from the beat be-
tween the rotational states J and J� 4 that are coherently
populated in the wave packet.

To see the excitation process to form the wave packet in
O2, we have simulated the ensemble averages of hcos2�i at
different rotational temperatures Trot. The results have
shown that the !1 component is peaked for J � 5 and 11
at Trot � 90 and 300 
K, respectively. Since Trot in the
supersonic O2 gas jet would be less than 100 
K [19],
the spectral peaks for J � 9–13 in Fig. 3(b) indicate
that the multistep Stokes transitions preferentially take
place to shift the initial rotational distribution and form
the wave packet, due mainly to the restriction of �M � 0
for jMj � J.

The spectrum shown in Fig. 3(b) appears to involve a
different series of the weak !2 component at �28–76�Bc
with a subpeak for J � 3. We believe that this series of the
!2 in the low frequency region accounts for the initial low
temperature Trot in the supersonic gas jet. Our simulation
has shown that the spectral peak for J � 3 corresponds to
Trot � 25–50 
K.

The above discussion on the !2 component in the high
and low frequency regions is valid also for the N2 spectrum
shown in Fig. 2.

The effect of the !2 component on the time-dependent
harmonic signal can be seen in Fig. 3(a), where the signal
includes weak revival signals at �2m� 1�Trev=8 with posi-
tive integer m. The 1=8-partial revival signals are shown to
arise from the !2 component as follows. With the inverse
Fourier transform we reconstructed the time-dependent
harmonic signal, using one of two components at !1 and
!2 [20]. The results presented in Fig. 4 demonstrate that
the !1 component certainly creates the revival signals at
mTrev=4, while the !2 component produces the small
revival signals at mTrev=8 with the full revival period of
Trev=2. We note that the time-dependent harmonic signal
observed is the simple superposition of those arising from
two components at !1 and !2.

Theoretically, the temporal evolution of hcos2�i does not
include the !2 component, as discussed above. This sug-
gests that the coherence for the beat at !2 is embedded in
the wave packet, while detected through the anisotropic
electronic response to the linearly polarized probe pulse
used for the HHG. The 1=8-revival signals for O2 were also
observed so far with the Coulomb explosion imaging [4],
where hcos2m�iwas used to analyze the fractional revivals.
On the other hand, the analysis with hsin22�i was proposed
to reproduce the time-dependent harmonic signal for O2

[13]. The temporal evolution of hsin22�i is certainly able to
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FIG. 4 (color). Time-dependent 19th harmonic signals (red
solid lines) reproduced using (a) the frequency component at
!1, (b) at !2, and (c) both at !1 and !2. For comparison, each
trace includes the observed signal given by the gray solid line.
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include the !2 component that leads to the revival signals
at mTrev=8, so that this analysis appears to reconcile with
the present picture for the revival signals.

The time-dependent 19th harmonic signal was also mea-
sured for CO2 having only even-J states, where the revival
period of 42.7 ps was in good agreement with Trev for B �
0:39 cm�1, and the frequency spectrum was also observed
to consist of the !1 and !2 components. In contrast to
those for N2 and O2, however, the onset of alignment
was observed with a signal minimum at �t	 0:3 ps that
was clearly separated from the signal drop at �t	 0.
Corresponding to the first negative peak, the revival signal
phase was completely reversed from those in Figs. 1(a) and
3(a). The temporal evolution of hcos2�i simulated for CO2

represented the same amplitude phase as those for N2 and
O2. These results suggest that the 19th harmonic is mini-
mized with CO2 aligned along the pump pulse polarization
and peaked with those aligned perpendicularly. This might
be induced by the destructive interference of recombining
electron wave [21,22] and/or by the �-dependent HHG
process characteristic to CO2 molecules. The experimental
results on the harmonic signal phase will be presented and
discussed in a separate paper.

In summary, the results of time-dependent HHG from
rotational wave packets and its frequency analysis have
shown a new aspect in the revival structure of field-free
molecular alignment. The present results are useful for
controlling rotational wave packets with ultrashort laser
pulses [23] and nonlinear optical processes in molecules.
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