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Two recent pump-probe experiments on the high-order harmonic generation �HHG� from partially aligned
CO2 molecules have shown that the HHG yields versus the ionization rates as functions of the pump-probe
delay time exhibit inverted modulation. The inversion has been attributed to the quantum interference in the
recombination process from the two oxygen centers. Using the Lewenstein model to calculate HHG from fixed
CO2 molecules and taking into account the partial alignment of the molecules versus the time delay, we
interpret that the inversion is due to the degree of overlap between the partially aligned molecules and the
angular dependence of the HHG yield. We also note that the harmonic order where inversion occurs may
change with probe laser intensity due to the depletion of the ground state.
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High-order harmonic generation �HHG� is one of the most
studied phenomena in intense laser-matter interaction. HHG
from atoms is well understood as a three-step process �1–3�.
Within this model, the active electron first tunnels through
the potential barrier formed by the atomic Coulomb potential
and the laser field. After the laser field reverses its direction
the released electron has a probability of returning back to
the parent ion where it may recombine to emit a high-energy
photon.

For the HHG from a molecule, an interesting interference
effect has been predicted first from the calculated HHG spec-
tra of a model two-dimensional �2D� H2

+ by solving numeri-
cally the time-dependent Schrödinger equation �TDSE�, as-
suming that the nuclei are fixed in space, by Lein et al. �4�.
They found pronounced minima in the HHG power spectra
which they later interpreted as the interference of the emis-
sions from the two atomic centers, when the wavelength of
the returning electron matches the typical distance between
the nuclei. Similar interference has been found later in the
realistic three-dimensional �3D� model of H2

+ by Lein et al.
�5� and Kamta and Bandrauk �6� under the same fixed-nuclei
approximation. Telnov and Chu �7� have also calculated the
HHG for H2

+ aligned along the laser polarization direction,
but no signature of interference was reported.

On the experimental side, it has been of great interest to
study the HHG yield for molecules that are at least partially
aligned. This is achieved by exposing molecules to a short,
relatively weak pulse to create a rotational wave packet. This
wave packet rephases after the pulse is over and the mol-
ecules are strongly aligned periodically at intervals separated
by their fundamental rotational period �8�. To observe the
alignment dependence of HHG, a second short laser pulse is
then used to generate HHG at different short intervals when
the molecules undergo rapid change in their alignment.

In a recent paper, Kanai et al. �9� performed such pump-
probe experiments on N2, O2, and CO2 using an 800-nm
laser. By comparing the 23rd harmonic signals versus the

ionization yields as functions of the time delay between the
two laser pulses �same polarization direction�, they found
that the two curves follow each other for N2 and O2, i.e.,
when the ionization yield is maximum �minimum� the HHG
yield is also maximum �minimum�. Noting that for N2 the
ionization is maximal along the molecular axis �10�, these
results are in fact in good agreement with the measurements
by Itatani et al. �11�. These results imply that the HHG yield
and the ionization rate for each molecule follow the same
alignment dependence and the recombination step in the
HHG mechanism does not introduce additional alignment
dependence. In contrast, they observed inverted modulation
in the HHG signal for the 23rd harmonic from CO2 as a
function of pump-probe delay time. That is, they found
minima in HHG emission at maximum ionizations and vice
versa. Most recently, Vozzi et al. �12� also confirmed the
inverted modulation from CO2, but for the 33rd harmonic.
Both groups attributed the origin of the inversion to the in-
terference of the photon emission from the two oxygen cen-
ters in CO2 which are separated by about twice the distance
between the two nuclei in O2 where no inversion was found.

Can one indeed conclude that the inverted modulation in
the HHG versus the ionization spectra in CO2 is a manifes-
tation of the interference in the recombination process? Note
that the harmonic order for the interference minimum de-
pends on the angle between the molecular axis and the laser
polarization direction. In both experiments the molecules are
only partially aligned by the pump pulse �thus the measured
HHG signals should be averaged over the angular distribu-
tions of the molecules�, and it is not clear that the minimum
predicted from the interference model in fixed nuclei ap-
proximation can survive after the average. Furthermore, if
the interference model is indeed the correct interpretation,
then it should occur at the same harmonic order, independent
of the laser intensity of the probe pulse. In the experiments
by Kanai et al. and Vozzi et al., the inversion was found at
different harmonic orders.

In this paper, we show that there are other possible inter-
pretations for the observed inverted modulation in CO2. In
order to compare with experiments, in our analysis the an-
isotropic angular distributions of the molecules at each time*Email address: atle@phys.ksu.edu
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delay after the pump pulse are taken into account in obtain-
ing the calculated HHG spectra and the ionization yields. To
calculate the HHG spectra for a fixed alignment, we used the
Lewenstein model �3� for molecules as extended in Zhou et
al. �13�. This model has been shown �13� to be able to inter-
pret the experimental results reported so far for N2 and O2
�9,11,14�.

The Lewenstein model for a molecule aligned along the z
axis in a laser field E�t�, linearly polarized on the y-z plane
with an angle � with respect to the molecular axis can be
written in the form �atomic units m=e=�=1 are used
throughout the paper, unless otherwise indicated�

r�t� = i�
0

�

d�� �

� + i�/2
�3/2

�sin �dy
*�t� + cos �dz

*�t��

��sin �dy�t − �� + cos �dz�t − ���E�t − ��

�exp�− iSst�t,���a*�t�a�t − �� + c.c., �1�

where d�t��d� �pst�t ,��−A�t��, d�t−���d� �pst�t ,��
−A�t−��� are the transition dipole moments between the
ground state and the continuum state, and pst�t ,��
=	t−�

t A�t��dt� /� is the canonical momentum at the stationary
points, with A the vector potential. The quasiclassical action
at the stationary points for the electron propagating in the
laser field is

Sst�t,�� = �
t−�

t � �pst�t,�� − A�t���2

2
+ Ip�dt�, �2�

where Ip is the ionization potential of the molecule.
In Eq. �1�, a�t� is introduced to account for the ground-state
depletion.

In Fig. 1, we plot the HHG power spectra calculated
within our extended Lewenstein model from CO2 molecules
aligned at three fixed angles �=30°, 50°, and 70°. The
ground-state electronic wave function of CO2 was obtained
from the GAMESS code �15�. In order to account for the
depletion of the ground state, we approximate the ground-
state amplitude by a�t�=exp�−	−�

t W�t�� /2dt��, with the ion-
ization rate W�t�� obtained from the molecular tunneling ion-
ization �MO-ADK� theory �16�. For this calculation, we took
a Gaussian pulse of 30 fs duration �full width at half maxi-
mum �FWHM��, peak intensity of 1.5�1014 W/cm2, and a
mean wavelength of 800 nm. We note from these figures that
there is no obvious “interference minimum” for the harmon-
ics above about N=25 for all the 31 alignment angles be-
tween 0° and 90° that we have calculated.

Based on these results does it mean that one should not
expect inverted modulation in the pump-probe experiments?
Figure 2 shows the HHG signal as a function of delay time
for the 17th �left, top panel�, 23rd �left, middle panel�, and
33rd harmonics �left, bottom� at the probe laser intensity of
2�1014 W/cm2. The signals have been normalized to that of
the isotropic molecular distribution. For reference, we also
plot here the evolution of 
cos2 �� �dashed curves�, as it is a
measure of the degree of alignment. We note that the ioniza-
tion signals follow closely the evolution of 
cos2 �� �see Fig.
3 below�. For calculating the time evolution of the alignment
distribution of the molecules we use the rotor model for di-
atomic molecules �17,18�

i
����,	,t�

�t
= �BJ2 −

E�t�2

2
�
 cos2 � + 
� sin2 ������,	,t� ,

�3�

where B is the rotational constant, 
 and 
� are the aniso-
tropic polarizabilities in parallel and perpendicular directions

FIG. 1. HHG power spectra for selective fixed alignment angles
�=30° �top�, 50° �middle�, and 70° �bottom� at laser intensity of
1.5�1014 W/cm2. For other laser parameters, see text.

FIG. 2. Time evolution of the selective harmonics �left column�
and their alignment dependence �right column� at the probe laser
intensity of 2�1014 W/cm2. For other laser parameters, see text.
Dashed curves correspond to the evolution of 
cos2 ��.
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with respect to the molecular axis, respectively. The TDSE
�3� with B=0.39 cm−1, 
 =4.05 Å3, and 
�=1.95 Å3 �19� is
then solved for each initial rotational state �JM� using the
split-operator method �20�. The pump laser E�t� for aligning
the molecules is assumed to be a Gaussian pulse, with a
duration of 50 fs and peak intensity of 3�1013 W/cm2. The
pump and probe pulses are polarized parallel. We also as-
sume the Boltzmann distribution of the rotational levels at
the initial time. The rotational temperature of CO2 molecules
is taken to be 40 K. One can see clearly the inverted modu-
lation for the 17th and 33rd harmonics. This is in qualitative
agreement with the results by Kanai et al. �9�. The right
panels show the alignment dependence of these harmonics.
We notice that for the 17th and 33rd harmonics, the distribu-
tion is peaked at the angles greater than about 50°, whereas it
is peaked at about 45° for the 23rd harmonic. We will come
back to this point later. Note that the calculations by de
Nalda et al. �21� indicate that the alignment dependence of
HHG from CO2 for lower orders �N=9–17� have peaks at
angles greater than 45° too.

Let us try to understand these results. In Fig. 3 we show
the closeup of the time evolution for the HHG near half
revival �t=21.3 ps�. We also plot in the upper panel the ion-
ization yield �dotted curve�, normalized to that of the isotro-
pic distribution. Recall that the time evolution of the HHG
yield for a particular harmonic can be written in the form

g2n+1�t� = 2��
0

�

���,t�ḡ2n+1���d� , �4�

where ��� , t� is the weighted angular distribution �i.e., mul-
tiplied by sin �� of the molecules, ḡ2n+1��� is the HHG yield
for the �2n+1�-th harmonic from the molecules aligned at a

fixed angle �, and t is the delay time. Here we already ac-
count for the fact that the system has azimuthal symmetry.
Figure 4 shows the polar plot of the weighted angular distri-
bution �red �light� curves� at three different pump-probe de-
lays: 18.7 �upper panels�, 21.3 �middle panels�, and 22.1 ps
�bottom panels�, denoted, respectively, as A, B, and C in Fig.
3. Also plotted are the HHG yields �blue �dark� curves� for
the 23rd harmonic �left column� and the 33rd harmonic �right
column�. Let us now consider the 23rd harmonic. Due to the
symmetry, we need only consider � in the range �0°–90°�.
First, we notice that the HHG yield is well localized in the
angular range �30°–60°�, as can also be seen from Fig. 2
�right, middle panel�. For that range of alignment, as can be
seen from the figure, the weighted alignment distribution is
largest for B and smallest for C. Therefore, according to Eq.
�4�, the time evolution of HHG is not inverted, which is
consistent with the results in Fig. 2. In contrast, the 33rd
harmonic yield is even narrower with the peak near 60°. For
this small range of alignment, the weighted alignment distri-
bution is smallest for B and largest for C, which leads to the
inverted modulation, according to Eq. �4�.

At lower probe laser intensities, the depletion effect
becomes weaker. As a consequence, the HHG peaks are

FIG. 3. Same as Fig. 2 but near half revival. On the top panel
the ionization signal �dotted curve� is also shown.

FIG. 4. �Color online� Polar plot of the weighted alignment
distribution of the molecules �red �light� curves� at different time
delays t=18.7 �top�, 21.3 �middle�, and 22.1 ps �bottom� �see also
Fig. 3�. Also plotted is the alignment dependence �blue �dark�
curves� for the 23rd harmonic �left column� and the 33rd harmonic
�right column�. The laser parameters are the same as for Fig. 2.
Laser polarization is along the horizontal axes.
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shifted to the smaller alignment angles. According to the
discussion above, this would lead to a drastic change in
the behavior for the time evolution of HHG yield. In fact,
at 1.5�1014 W/cm2, the results still do not differ qualita-
tively from that of 2�1014 W/cm2. For intensity of
1�1014 W/cm2, we plot in Fig. 5 the HHG yields as func-
tions of delay time for three harmonics of the 17th, 23rd, and
33rd orders �left panels�. Other laser parameters are the same
as for Fig. 2. As one can see, the HHG dependence on the
alignment �right panels� is shifted towards smaller angles, as
compared to that from Fig. 2. As a consequence, the 33rd

harmonic is not inverted. Thus one may suspect that the dif-
ferent harmonics where the inversion occurs in the experi-
ment of Kanai et al. �9� and of Vozzi et al. �12� are due to the
different probe intensities used. Future experiments with sev-
eral probe laser intensities are therefore highly desirable in
order to distinguish the present interpretation from the inter-
ference model.

In conclusion, we have shown that inverted modulations
are not necessarily associated with the interference picture
which has been used to explain the results of the recent
experiments by Kanai et al. �9� and Vozzi et al. �12�. We
believe that the main conclusion is not limited to the strong-
field approximation that we used. The angular distributions
of the partially aligned molecules by the pump pulse should
be taken into account in the interpretation of the experimen-
tal HHG data in pump-probe experiments. Our results also
show that the angular dependence and the time evolution
of the HHG yield are influenced strongly by the depletion of
the ground state and are, therefore, sensitive to the probe
laser intensity. Finally, we emphasize that the present calcu-
lations are limited to the Lewenstein model. Full ab initio
calculations of HHG for such molecules are not readily
available anytime soon. Thus further experiments are needed
to shed more light on the possible limitation of the present
model in predicting the alignment dependence of HHG from
molecules.
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FIG. 5. Same as Fig. 2 but for the probe laser intensity of
1�1014 W/cm2.
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