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SPECIAL TOPIC — Strong-field atomic and molecular physics

Quantum interference of multi-orbital effects in high-harmonic
spectra from aligned carbon dioxide and nitrous oxide*

Hong-Jing Liang(F4L##), Xin Fan(353%), Shuang Feng({% %), Li-Yu Shan(¥.37.5%), Qing-Hua Gao(/ /K1),
Bo Yan(|5/1#), Ri Ma(® H)", and Hai-Feng Xu(14:iF 14 )*

Institute of Atomic and Molecular Physics, Jilin University, Changchun 130012, China

(Received 27 May 2019; revised manuscript received 24 June 2019; published online 20 August 2019)

We investigate experimentally multi-orbital effects in high-order harmonic generation (HHG) from aligned CO, and
N>O molecules by intense femtosecond laser fields with linear and elliptical polarizations. For either of the aligned
molecules, a minimum in the harmonic spectrum is observed, the position of which shifts to lower-order harmonics when
decreasing the intensity or increasing the ellipticity of the driving laser. This indicates that the minimum originates from
the dynamic interference of different channels, of which the tunneling ionization and recombination are contributed via
different molecular orbitals. The results show that both the highest occupied molecular orbital (HOMO) and low-lying
HOMO-2 in CO, (or HOMO-1 in N, O) contribute to the molecular HHG in both linearly and elliptically polarized strong
laser fields. Our study would pave a way for understanding multi-electron dynamics from polyatomic molecules irradiated

by strong laser fields.

Keywords: high-order harmonic generation, aligned molecule, multi-orbital effect, dynamic interference
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1. Introduction

The interaction of strong laser radiation with atoms or
molecules results in various non-perturbative and highly non-
linear phenomena, such as high-order above threshold ioniza-
tion (HATT),"-?) non-sequential double (NSDI) and multiple
ionization,®! neutral high Rydberg state excitation (RSE),!
and high-order harmonic generation (HHG).>*! Among them,
HHG has attracted intense research interest, due to its po-
tential applications as tabletop coherent radiation source in
the extreme ultraviolet (XUV) and soft x-ray regions,!”! as

8-121 HHG facilitates measure-

well as attosecond pulses.|
ments that could resolve electronic structure!!>!*l and dy-
namic processes!!> ! on sub-femtosecond time scale and with
sub-nanometer spatial resolution.

The physical picture of atomic HHG in a strong laser
field is a well-known semi-classical three-step model: 71 (i)
tunneling ionization of electrons in an atom or molecule,
(i) the quasi-free electrons are accelerated in the intense
laser field, (iii) the high energy electrons recombine with the
ionic core to emit redundant energy as coherent XUV photon
flux. Molecules have much more complicated structures than
atoms, which have multicenter and diverse geometric struc-
ture, large density of electronic states with different symme-
tries, as well as additional nuclear rotational and vibrational
motions, providing extra parameters to control HHG.[!8-201 By

DOI: 10.1088/1674-1056/ab3438

studying HHG of aligned molecules, several experimental and
theoretical observations!>!=2>! have identified that both ioniza-
tion and recombination are dependent on the symmetries of the
highest occupied molecular orbital (HOMO) and even lower-
lying molecular orbitals (HOMO-1, HOMO-2, ...). Based
on the underlying physics of HHG from molecules, there are
some approaches on ultrafast imaging of molecular orbitals.

Itatani er al. '3

in their experiments reported for the first time
the tomographic reconstruction of HOMO from aligned N
molecules. Baker et al.!*6! used molecular HHG to detect the
ultrafast motions of protons of H, and CHy4 with attosecond
temporal resolution. The internuclear distance of molecule can
also be analyzed by observing the two-center interference min-
imum of HHG spectra.!!*?7] Nevertheless, some other mech-
anisms of HHG from polyatomic molecules are still kept am-
biguous, such as Coulomb field influence and multiple orbital
coupling.

Here we experimentally investigate and compare the
HHG spectra from aligned triatomic molecules CO; and N,O
by femtosecond strong laser field. While both molecules are
linearly structured, N>O is asymmetry triatomic molecules
with a C., symmetry which has a permanent dipole mo-
ment. On the other hand, both molecules have same num-
bers of electrons and nearly identical internuclear distance
(Rc-0 =1.16 Ain CO,, Ry.n = 1.186 A, Ry.o = 1.126 A in
N;0), as well as similar HOMO orbitals. A comparison study
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on harmonic spectra of aligned N,O and CO, would add more
knowledge to the molecular structure effect on HHG in strong
laser fields.

There are some studies that have been reported on the
molecular structure and multi-electron dynamics of HHG from
CO; or N,O.15:2-301 Smirnova et al.!'>! have reported the
minimum position of the HHG spectra in CO; molecules
This
observation is interpreted in terms of the destructive interfer-
ence from different molecular orbitals (HOMO and HOMO-
2) for high-harmonic emission. Worner et al.!?8! have ob-

which is related to the intensity of the driving laser.

served that the positions of the minima of harmonic spectra
from aligned CO; shifted by over more than 15 eV with the
change of both wavelength and intensity of the driving laser.
Rupenyan et al.!*! investigated the effects of electronic struc-
tures and multi-electron dynamics on the harmonic spectra
from CO; and N,O by using near-infrared driving laser fields
in the wavelength range of 1.17-1.46 um. The results indi-
cated that the minimum of harmonic spectrum driven by laser
fields with shorter wavelength (1.17 wm) would be located at
higher-order harmonics near the cut-off region, while chang-
ing to the driving laser field with a longer wavelength (1.36
and 1.46 um), the minimum of harmonic spectrum would be
distinctly positioned in the plateau region. Recently, Monfared
et al.’% performed a theoretical study on the effects of in-
ner orbitals and multiple electrons on the harmonic spectrum.
These elaborated studies indicated that both the molecular or-
bital structure and the interference of multi-orbitals affect the
minimum position of HHG. The fact that the position of the
minimum is controllable by the intensity and wavelength of
the driving laser is now understood by the destructive interfer-
ence between different channels in ionization and recombina-
tion processes of HHG. The majority of previous studies are
performed by using the driving laser with linear polarization.
Comparing to linearly polarized laser field, the freed electron
dynamics during HHG process can be tuned by controlling
the laser field ellipticity. The elliptically polarized driving
laser field would provide additional freedom degrees to con-
trol the high harmonic generation. For example, Mairesse et
al.BY experimentally and theoretically investigated the HHG
of aligned CO; and N, molecules in elliptically polarized laser
field, the results of which show that the electron wavepacket
can be controlled in the process of HHG.

In our study, we investigate and compare HHG of aligned
CO; and N, O molecules in both linearly and elliptically polar-
ized laser field. The harmonic yield is measured with different
intensity and ellipticity of the driving laser field. Based on our
experimental observations, we discuss the multi-orbital effects
and multi-electronic dynamics on HHG from aligned CO, and
N, O in strong laser fields.

2. Experiments

The experimental setup used for generation and detec-
tion of HHG has already been described in our previous
work.3>341 Briefly, a Ti: sapphire laser system operating at
1 kHz repetition was used to deliver ~ 35 fs pulses centered at
800 nm. The output pulse is divided into two parts by using a
30: 70 beam splitter. One laser beam with lower energy (align-
ing laser) was used to excite rotational energy levels and form
rotational wave packets of CO, or N,O molecules. The other
beam with higher energy (driving laser) was used to drive the
aligned molecules to generate harmonics. The ellipticity of the
driving laser was changed by a combination of an adjustable
zero-order half-wave plate placed before a zero-order quarter-
wave plate with fixed optic axis. This configuration minimizes
the diffraction efficiency of spherical grating affected by the
polarization of HHG. A motorized delay stage was inserted
into the path of driving laser to control the relative delay time
between the two laser pulses. A half-wave plate and a Glan-
laser polarizer were placed in the path of each laser beam
to adjust its intensity. The polarization angle ® between the
aligning and driving lasers was adjusted by using a half-wave
plate placed in the path of the aligning laser. After focused by
a focal length 300 mm, the aligning laser and the driving laser
were collinearly sent into the gas zone to align the molecules
and generate harmonics. The intensity of the aligning laser at
the interaction region was about 7 x 101> W/cm?. The back-
ing pressure of CO;, or N>O (gas purity at 99.999%) gases
was 2 bar. The gaseous samples were continuously expanded
into the interaction vacuum chamber through a 100 pum ori-
fice, leading to the density of gas was about 10'7 cm ™3 and the
rotational temperature was estimated to be ~ 100 K. The har-
monics generated in the gas zone were spectrally dispersed by
a spherical grating with a groove density of 1200 groves/mm
and then focused onto a microchannel plate detector attached
with a phosphor screen. A CCD camera was used to image the
phosphor screen and transferred to a computer.

3. Results and discussion

In our study, we investigate the harmonics from aligned
molecules by varying the driving laser intensity and polariza-
tion, which would add our understanding on the multi-orbital
effect of molecular HHG. We first investigate the alignment of
molecules by measuring the harmonic intensities on the delay
time between the aligning and driving lasers. The polarization
of the two lasers are set to be parallel to each other. The results
for the 27th harmonics for CO, and N, O molecules are shown
in Fig. 1(a) and Fig. 1(b), respectively. The duration of the
aligning pulse (35 fs) used in the experiments is much shorter
than the rotational period of each molecule (T;o = 42.7 ps
of CO; and Ty = 39.8 ps of N,O). The ultrashort aligning
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pulse will excite the randomly oriented molecules to form ro-

33361 A5 the rotational wave packets

tational wave packets.|
evolve in time, the molecules will be aligned periodically with
the molecular axis parallel or perpendicular to the polarization
of the aligning laser. The effect of such non-adiabatic impul-
sive alignment on molecules is reflected in the modulation of
harmonic intensity, as shown in Fig. 1. To reduce the effect of
instrumental response for qualitative comparison, we use the
ratio S/Sy to represent the harmonic intensity throughout the
study, i.e., the measured harmonic intensity (S) from aligned
molecules normalized to that from nonaligned molecules (Sp).
As shown in Fig. 1(a), obvious modulation of the harmonic
intensity of CO, molecule occurs at a delay time of ~ 21 ps
and ~ 42 ps, corresponding to T;or/2 (half rotational revival)
and Ty, (full rotational revival), respectively. The half and full
revivals are also evident for N»O molecules (Fig. 1(b)), while
the 1/4 and 3/4 periods of revival are much weaker due to nu-

5.3 In the following experiments, the delay

clear spin statistic
time of alignment is fixed at 21.1 ps and 19.7 ps for CO;, and
N>O molecules, respectively. That is, the molecular axis is

aligned parallel to the polarization of the aligning laser.

1.08

1 04 (a) o Trot/2 T‘rot

1.00

Harmonic ratio S/.S,

T,

0.6 1 1ot/ 2 T,

0 10 20 30 40
Delay/ps

Fig. 1. Ratio of the 27th harmonic intensity between aligned (S) and
unaligned (Sp) samples of CO; (a) and N, O (b) molecules as a function
of the delay time between the two laser beams. The polarization of the
driving laser is parallel to that of the aligning laser. The Tpo/2 (half
revival) and Tro (full revival) are indicated in the figure.

In Fig. 2, we show the measured harmonic intensity of
each order by changing the driving laser intensity in the range
of 1.2 x 10" W/em? to 2.0 x 10'* W/cm? for aligned CO,
(Fig. 2(a)) and N,O (Fig. 2(b)) molecules. For either of the
molecules, a minimum in the harmonic spectrum is clearly ob-
served, which shifts to higher-order harmonics when increas-
ing the laser intensity. For CO;, the minimum shifts from H23
at 1.2 x 10" W/em? to H29 at 2.0 x 10'* W/em?, and for N, O,
from H23 to H27. The results of CO, reproduce previous ex-
perimental studies by Smirnova ez al.!'>! and Worner et al., 28]
while the experimental results of N,O are similar to those of
Rupenyan et al.'*®! Such minimum in harmonic spectrum is
interpreted by the destructive interference of different chan-
nels induced by tunneling ionization from different molecular

orbitals.[!> The structures of HOMO and lower-lying orbitals

(HOMO-1 and HOMO-2) of CO; and N,O are presented in
Fig. 3, which are calculated by the density functional theory
(DFT) method at the B3LYP/6-311++G** level with Gaussian
031381 program and are plotted with Multiwfn package.?°! The
HOMO, HOMO-1, and HOMO-2 of CO, molecule exhibit 7,
m,, and o, symmetry, respectively (Figs. 3(a)-3(c)). Since the
CO; molecule is aligned parallel to the driving laser polariza-
tion, the tunneling ionization and recombination of HOMO-
1 could be negligible, since the electron density distribution
of the orbital has a nodal plane along the molecular axis (see
Fig. 3(b)). It has been demonstrated that in this case, the de-
structive interference in HHG of CO; is induced by the contri-
butions of both HOMO and HOMO-2.[15! For N, O, the sym-
metry of HOMO is similar to that of CO,, that of HOMO-1
is a o orbital, which is like the structure of HOMO-2 of CO,,
and HOMO-2 exhibits a nodal plane along the molecular axis
(Figs. 3(d)-3(f)). Thus, this indicates that when the molecule
is aligned parallel to the laser polarization, the destructive in-
terference between the channels of HOMO and HOMO-1 re-
sults in the observed minimum in harmonic spectrum of N,O
shown in Fig. 2(b).

The effect of such destructive interference, also known as
dynamic interference, replies on the phase difference of HHG
from the two different channels. The phase is determined by
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Fig. 2. HHG ratios measured with (s) and without (Sy) the aligning
laser in CO; (a) and N> O (b) as a function of harmonic order in linearly
polarized driving laser with different intensities (1.2, 1.5, 1.8, and 2.0)
x1014 W/cmz, respectively.
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the delay time between the tunneling ionization and recom-
bination, which depends on the intensity of the driving laser
field. Thus the minimum in harmonic spectrum shifts as the
laser intensity is changed. The intensity-dependent interfer-
ence from different channels in HHG of CO, molecules has
been discussed in detail in the pioneer paper by Smirnova et
al.''>) The results in Fig. 2(b) show that similar phenomenon
exists in the HHG of aligned N>O molecules. Our study fur-
ther demonstrates that the minimum in HHG is common in
molecules, which depend on the intensity of linearly polarized
driving laser field and reflect the characteristic of dynamic in-

(a) M

©) g
(£

terference from different molecular orbitals.
01 /
4

(b)
& ( (4
d ' af (‘ca/

4 © € ()

4 ¢

Fig. 3. Orbital structures of HOMO, HOMO-1, and HOMO-2 of CO; (a)-
(c) and N,O (d)—(f) calculated by the DFT method at the B3LYP/6-
311++G** level.

We further investigate the harmonic intensities from
aligned CO, and N;O molecules in elliptically polarized driv-
ing laser field. Figure 4 presents the harmonic ratio S/Sy with
the ellipticity of the driving laser € = 0.18 or € = 0.36 for
aligned CO; (Fig. 4(a)) and N, O (Fig. 4(b)). The intensity of
the driving laser is kept at 2.0 x 10'* W/cm? measured at the
linear polarization (¢ = 0). For either of the molecules, a no-
ticeable shift of the minimum position toward lower-order har-
monics can be seen for higher ellipticity of the driving laser.
This finding can be understood in the following two concerns.
Firstly, as we have mentioned above, the results of dynamic
interference lead to the minimum appearing at lower order har-
monics for lower driving laser intensity. The effective intensity
(1) in an elliptically polarized laser will decrease comparing to
that in a linearly polarized laser (Iy), I = Io/(1+ €2). Thus
one would expect the shift of the minimum in an elliptically
polarized laser fields if the intensity I is kept at a constant
value. Secondly, the initial conditions of tunneling ionization
would be different for that in a linearly polarized laser fields,
since additional drift velocity would be induced in an ellip-
tically polarized strong laser field.[*?! This would also affect
the recombination process to produce HHG, including the de-
lay time between ionization and recombination. In their study,

Larsen et al.'*!l have shown that the electron excursion time
7 of HHG, corresponding with the delay time between ion-
ization and recombination, would be changed upon varying
laser ellipticity €. This fact would in turn affect the position
of the dynamic interference minimum, since it is related to the
excursion time 7.['31 As a consequence, the minimum in the
harmonic spectrum would be changed because the dynamics
interference between channels is dependent on the ionization
and recombination processes. Our experimental results will
stimulate further insight studies, both experimentally and the-
oretically, to reveal the detailed physics of the dynamic inter-
ference in an elliptically polarized strong laser field.

1.3 (a) CO, —0— £=0.18
—A— £ =0.36
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Fig. 4. Harmonic ratio S/Sp of aligned CO; (a) and NO (b) with the
ellipticities € = 0.18 (red circles) and € = 0.36 (blue triangles), respec-
tively.

4. Conclusions

In this work, we have performed an experimental investi-
gation on the multiple orbitals effect in the HHG from aligned
CO, and N;O molecules by both linearly and elliptically po-
larized strong laser field. The position of the minimum in the
HHG spectra could be shifted by the intensity and ellipticity
of driving laser. The reason was interpreted as the dynamic in-
terference of HHG from the HOMO and HOMO-2 in CO; (or
HOMO-1 in N, O). Our research results would shed some light
for further studies on the multi-orbital effect in the interaction
of molecules with strong laser fields.
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