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SPECIAL TOPIC — Optical field manipulation
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We experimentally investigated the high-order harmonic generation (HHG) from aligned O, and N, molecules in a
linearly polarized laser field, and presented the dependence of the harmonic spectrum on the driving laser intensity and
molecular alignment angle. The minimum position of HHG of O, varies with changing the laser intensity, which is caused
by multi-orbital interference. However, the location of the observed minimum structure in Ny harmonic spectrum remained
unchanged upon changing the laser intensity. The mechanism of the spectral minimum for N, case is regarded as a Cooper-
like minimum in HHG associated with the molecular electronic structure. This work indicates that harmonic spectroscopy
can effectively uncover information about molecular structure and electron dynamics.

Keywords: high-order harmonic generation, aligned molecule, multi-orbital interference of molecules,

Cooper-like minimum
PACS: 42.65.Ky, 33.20.Xx, 33.80.Rv

1. Introduction

High-order harmonic generation from gases subjected to
intense laser field is the unique technology to obtain attosec-
ond pulses and desktop extreme ultraviolet (XUV) coherent
light sources,!!™! which provides a promising approach to
the study of strong field physics.*! Information extracted
from HHG spectrum can be obtained to assist in resolving
physical processes involved in ultrafast electronic dynamics
and reveal the different orbital contributions in molecular har-
monic emission.!!%!!] The de-Broglie wavelength of elec-
trons, recombined with the parent ion, determines the spa-
tial resolution of harmonics at the A scale.!'?) And the time
of reversing determines the attosecond temporal resolution of
harmonics.!!3-13] Therefore, HHG is remarkably important to
investigate molecular orbital structure and conduct ultrafast
imaging.!'®) HHG emission can be well described by a three-
step model.''”! In the semi-classical model, an electron in an
atom or molecule is tunnel-ionized by an intense laser field,
entering a free continuum state (the first step). After that, it is
accelerated in the electric field (the second step), returning to
the parent ionic core at a certain probability and emitting high-
energy photons (the third step). Since electron—ion recombi-
nation plays a decisive role in harmonic emission, substantial
information related to molecular structure and orbitals can be
extracted from the HHG spectrum.[%!8:19
have identified that structure and phase of the rotating wave

1 Many investigations

DOI: 10.1088/1674-1056/abfbd9

packet, as well as the molecular orbital structure, are encoded
in the HHG spectrum. [20-21]

HHG from atoms has been extensively studied due to
the fact that atoms are centrally symmetric, whose harmonic
spectral properties are simple to be understood. Compared
with atoms, molecules contain more information, including
complex orbital structure, various rotational and vibrational
states, etc., which have attracted wide attention in the study
of HHG spectrum.?!??] Since the distribution of molecules
in space is random and isotropic, it is difficult to investigate
the harmonic characteristics in various rotational states. How-
ever, the technique of molecular alignment and orientation
provides a feasible approach for such studies.>*-2’1 Molec-
ular harmonics are normally understood from the contribution
of highest occupied molecular orbital (HOMO). In recently
years, extensive experimental measurements and theoretical
calculations have demonstrated that molecular HHG can be
generated not only from their HOMOs, but also from lower-
lying molecular orbitals (HOMO-1, HOMO-2, ...).[?3-3% For
example, Smirnova et al. have reported that the harmonic
spectrum of CO; molecule involves a minimum structure,
which was caused by the multi-channel interference in the
high-harmonic emission.?8! Yun et al. investigated the con-
tributions of HOMO and HOMO-1 on HHG from aligned
CO; molecules by using an orthogonally polarized two-color
laser field.!”®! Very recently, Luppi et al. performed a theo-
retical study on the harmonic spectra of uracil and thymine
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molecules, the results of which indicated that the HHG signal
for both molecules possibly originates from different ioniza-
tion channels. 3!

Properties of the minima in molecular harmonic spec-
tra have been extensively reported in the literature, and three
kinds of physical mechanisms can be attributed to the minima
in the harmonic spectra. Among them, the minimum induced
by two-center interference will change significantly with the
alignment angle of molecules.!>3!! The harmonic order of the
minimum caused by dynamic interference also varies with the
driver laser parameters.[>!28 Alternatively, the position of the
Cooper-like minimum is independent of the driving laser pa-
rameters and molecular alignment angles.*>=>*! Understand-
ing the mechanism of the minima in HHG can reveal the char-
acteristics of the harmonic spectra intuitively, enabling further
knowledge about the physics in strong laser fields.

In this work, we experimentally measured the harmonic
spectra of aligned O, and N> molecules under a linearly po-
larized laser field. The harmonic yield is investigated for dif-
ferent laser intensity and molecular alignment angle. Based on
our experimental observations, we discuss the multi-orbital in-
terference minimum and Cooper-like minimum on HHG from
aligned O, and N in strong laser fields.

2. Experiments

The experimental setup to generate harmonics has been
described in our previous works.?!3>] We used a 1-kHz Ti:
sapphire laser system, providing 6-mJ 35-fs pulses at 800 nm.
The output laser pulse was divided into two parts. One laser
beam with lower energy (the aligning pulse) was used to cre-
ate rotational wave packets and induce nonadiabatic alignment
of O, and N, molecules, while the other beam with higher en-
ergy (the driving pulse) was used to drive molecules to gen-
erate harmonics. The combination of a half-wave plate and
a Glan laser polarizer was placed on each branch of the light
path to precisely control the laser energy. In addition, a motor-
ized delay stage with ultra-high precision was set into the path
of the driving beam to control the relative delay time between
the two beams. After focused by a lens with a focal length of
500 mm, the aligning and driving beams were collinearly sent
into the gas zone. The O, and N, gases were introduced into
the chamber through a diffuse nozzle (100-pm diameter) with
a backing pressure of 2 bar (1 bar = 103 Pa) and the rotational
temperature was about 100 K. Harmonics were dispersed by a
spherical grating with a groove density of 1200 grooves/mm,
and photonic signals were amplified by a microchannel plate
detector and imaged into a phosphor screen, which were re-
ceived by a CCD camera to perform spectral imaging.

3. Results and discussion

In this study, we investigate the harmonics from aligned
molecules by changing the molecular alignment angle and the

intensity of the driving laser, so as to learn more about the
molecular orbital effect on the strong-field HHG. We first fo-
cused on molecular alignment by measuring the harmonic in-
tensities on various delay times between the aligning and driv-
ing pulses. The polarization directions of the lasers were set
to be parallel. The results of the 19th order harmonic (defined
as H19) for O, and N, molecules are shown in Figs. 1(a) and
1(b), respectively. The laser intensities of the aligning and the
driving pulses are 7.0 x 10> W/ecm? and 2.0 x 10'* W/cm?,
respectively. The aligning pulse duration (35 fs) used in the
experiments is much shorter than the rotational periods of the
molecules (Tio = 11.6 ps of Oy and T,y = 8.3 ps of Np),
which makes the rotational wave packet excited and induces
the nonadiabatic field-free alignment of molecules.!?*~2 The
effect of such nonadiabatic impulsive alignment on molecules
was reflected in the modulation of harmonic intensity, as de-
scribed in Fig. 1. To reduce the effect of instrumental response
for qualitative comparison, we adopted the ratio S/Sy (normal-
ized harmonic intensity from aligned molecules (S) to non-
aligned ones (Sp)). In Fig. 1(a), the obvious modulation of the
harmonic intensity of O, molecules occurs at the delay time of
~ 5.8 ps and ~ 11.6 ps, which refer to T;o/2 (half rotational
revival time) and T} (full rotational revival time), respectively.
In Fig. 1(b), similar modulation on N, molecules occurs at the
delay time of ~ 4.1 ps and ~ 8.3 ps.
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Fig. 1. Ratio of the H19 intensity between aligned (S) and unaligned (Sp)
samples of O, (a) and N, (b) as a function of the delay time between the
two laser beams. The polarization direction of the driving laser was set as

parallel to that of the aligning laser and the driving laser intensity was about
2.0 x 10" W/em?,
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For further investigation of the alignment dependence of
harmonic emission, we measured the intensity of each order
harmonic at the alignment, anti-alignment and random align-
ment for O, (Fig. 2(a)) and N, (Fig. 2(b)). For the O; case, the
delay times were set at 5.8 ps, 6.2 ps, and 7.0 ps (red arrows
in Fig. 1(a)), corresponding to the molecules mostly aligned
along the laser polarization (alignment), perpendicular to the
laser polarization (anti-alignment) and random alignment, re-
spectively. While for Nj, the delay times were set at 4.1 ps,
4.4 ps, and 5.1 ps (red arrows in Fig. 1(b)) for alignment, anti-
alignment and random alignment, respectively. The study of
the harmonic spectrum of aligned molecules provides a power-
ful tool for understanding molecular structure in intense fields.
As shown in Fig. 2, an obvious minimum structure in the har-
monic spectra for both molecules is observed when the de-
lay time is fixed at the alignment and anti-alignment points,
while the randomly aligned molecules have a weaker mini-
mum structure. In the following, we will analyze the harmonic
spectral minima of O, and N molecules in detail.
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Fig. 2. Harmonic ratio S/Sj for (a) O, and (b) N, molecules as a function
of harmonic order at three pump-probe delay times: (a) 5.8 ps (red squares),
6.2 ps (black triangles), and 7.0 ps (blue circles); (b) 4.1 ps (red squares),
4.4 ps (black triangles), and 5.1 ps (blue circles). The driving laser intensity
is 2.0 x 10'* W/ecm?. The red and blue dashed curves roughly indicate the
position and width of the minimum at alignment point and anti-alignment
point, respectively. Arrows indicate the positions of minima.

Smirnova et al. have discussed the dynamic interference
of multiple orbitals from aligned CO, molecules, in which

they concluded that the position of the harmonic spectral min-
imum changes with the laser intensity. 8! Similarly, we mea-
sured the intensity of each order harmonic from aligned and
anti-aligned O, molecules (Fig. 3) for the driving laser in-
tensity of 1.5x 10'* W/cm? and 2.0 x 10'* W/cm?. The
minimum in the spectrum of either aligned or anti-aligned
O, shifts to lower order harmonics as the laser intensity is
decreased, i.e., from H27 at 2.0 x 10" W/em? to H23 at
1.5x 10" W/em?.
tion of the minimum remained unchanged with the molecu-

Another characteristic is that the posi-

lar alignment angle (alignment vs anti-alignment) at the same
laser intensity, which is inconsistent with the two-center inter-
ference model.

The fact that the position of the minimum strongly de-
pends on the driving laser intensity but is insensitive to the
molecular alignment angle indicates the multi-orbital interfer-
ence effect in HHG of 0,.[?8! Aside from the HOMO orbital,
other lower-lying molecular orbitals also play a role in con-
tributing to the harmonics of O;. Previous studies have shown
that the suppression of harmonic yield of O, molecule by
multi-orbital interference effect occurs at the plateau region of
harmonic spectrum.*®! When electrons are ionized from dif-
ferent molecular orbitals, the subsequent coherent sum of the
emissions from multiple channels would bring a minimum in
the harmonic spectrum, as shown in the present study. The re-
sults would further promote the experimental and theoretical
research on HHG of O, molecules under an ultrafast strong
laser field.
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Fig. 3. Harmonic ratios S/Sy of O, molecule at the alignment and anti-
alignment points for the driving laser intensities of 1.5 x 10" W/em? and
2.0 x 10" W/cm?. Arrows indicate the positions of minima.

We also investigated the harmonic spectrum of aligned
N, molecules in the linearly polarized laser field. As shown
in Fig. 2(b), the minimum structure appears at H27 at the
alignment point and shifts slightly to the H23 at the anti-
alignment point. In addition, the region of minimum be-
comes wider and deeper with the increase of molecular align-

ment angle. The experiment results of N, are similar to
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those of Farrell et al.37) For different molecular alignment
angles, the contribution of HOMO and HOMO-1 orbitals will
change significantly.[1%37] When the molecular axis was paral-
lel to the laser polarization direction, the HOMO orbital of Ny
molecules mostly contributed to the harmonic yield. While for
the molecular axis aligned perpendicularly to the laser polar-
ization (anti-alignment), the contribution of HOMO-1 to the
HHG yield increases significantly. The total contribution of
HOMO and HOMO-1 at the anti-alignment point makes the
intensity distribution of the harmonic spectrum uneven, result-
ing in the shift of the position of the minimum comparing to
that in the case of alignment. For further exploring the HHG
spectral minimum in N, molecules, we also gave the depen-
dence of the harmonic spectrum on the driving laser inten-
sity. Figure 4 shows the measured harmonic intensity of Nj
molecules as a function of the harmonic order by changing
the driving laser intensity in the range of 1.2 x 10'* W/cm?
to 2.0 x 10" W/cm? at the anti-alignment case. We notice
that the minimum at H23 is rather independent of the laser
intensity. These two observations indicate that the minimum
structure cannot be simply described by either the two-center
interference or the multi-orbital interference effect. Just as
Bertrand et al. results, 8 the minimum structure in the N,
harmonic spectrum can be attributed to the destructive inter-
ference of the p and f partial waves during recombination,
and such structure patterns are defined as Cooper-like min-
imum. Previous analyses have suggested that the Cooper-
like minimum is independent of the driver laser parameters
(e.g. wavelength, intensity), but only related to the electronic
structure. 32734381 Experiments on HHG of aligned O, and N»
molecules with finely adjusted molecular alignment angle and
driving laser intensity may lead to a more comprehensive un-
derstanding of the structural characteristics of molecules in the
strong laser field.

N,

0.8r

Harmonic ratio (S/S;)

& 2.0X10" W/cm?
-8- 1.5x10'* W/cm?
0.6 -¥- 1.2X10"* W/cm?

15 17 19 21 23 25 27 29 31

Harmonic order

Fig. 4. Harmonic ratios S/Sp of Ny molecules at the anti-alignment point
with different driving laser intensities (2.0, 1.5, 1.2) x 10'* W/cm?, respec-
tively. Arrows indicate the positions of minima.

4. Conclusion

In this work, we have performed an experimental inves-
tigation on the harmonic spectra from aligned O, and Nj
molecules by adjusting the driving laser intensity and molecu-
lar alignment angle. The position of the minimum in the HHG
from aligned O, molecule shifted obviously by changing the
driving laser intensity, indicating the multi-orbital interference
effect. On the other hand, the minimum in the harmonic spec-
trum of aligned N, molecule remained rather unchanged un-
der different laser intensities and only related to the molecular
electronic structure, which was interpreted as the Cooper-like
minimum. In addition, we also observed the role of HOMO-1
orbital in the minimum of harmonic spectral of N, molecule.
These investigations will be helpful for further studies about
the interaction mechanism between molecules and strong laser
field, and would assist in revealing the features about molecu-
lar orbitals and electronic structure.
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