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High-order harmonic generation of 1-nonene under linearly polarized laser pulses
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High-order harmonic generation of the long-chain molecule 1-nonene (C9H18) under a few-cycle linearly
polarized laser field was studied using time-dependent density-functional theory. The efficiency and the cutoff
frequency of the C9H18 harmonic spectrum are significantly higher than those of the BF molecule irradiated by
the same laser pulse. By analyzing the time-frequency behavior of the harmonic and the classical simulation of
electron, it is found that the C9H18 harmonics near the cutoff energy are caused by the recombination of electrons
from one atom to others of the parent molecule. In addition, the high-order harmonic generation of the long-chain
molecule 1,3-Butadiene (C4H6) is also investigated. The harmonics generated by this mechanism can be applied
to produce high-intensity isolated attosecond pulses.
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I. INTRODUCTION

Atoms, molecules, and solids irradiated by an intense laser
pulse can lead to a variety of strong field physical phenomena,
such as tunneling ionization [1], above-threshold ionization
[2], nonsequential double ionization [3,4], Coulomb explo-
sion [5,6], high-order harmonic generation (HHG) [7–16],
and so on. The HHG generated by an intense laser pulse is
one of the main ways to obtain the table-top level coherent
radiation source in the extreme ultraviolet (XUV) and soft
x-ray region [17]. At the same time, due to the wide spectrum
of the harmonic spectrum, the ultrashort pulse generated by
it provides an effective way for monitoring and controlling
electron dynamics on the attosecond (1 as = 10−18 s) [18–22]
timescale resolution and Ångström (1 Å = 10−10 m) space
scale resolution. At present, the harmonic intensity is low and
its spectral range is not wide enough, which limits the further
application of HHG.

The mechanism of the atomic HHG is usually explained
by the semi-classical three-step model (TSM) [23]: under the
interaction of the laser electric field, the bound electrons are
freed by tunneling ionization, then some ionized electronic
wave packets have the opportunity to return to the parent ions,
and they recombine with the parent ions to generate the high-
energy photon.

Compared with the atom, the molecular structure is more
complex and the ionization energies of different molecular
orbitals are closer, so the molecular HHG is more complex.
For the mechanism of the molecular HHG, extensive and
in-depth research has been done in theory and experiment
before. In the case of the molecule with a smaller spatial
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scale, the ionized electrons can return to the parent nucleus
or adjacent one to cause interference. For diatomic molecules
with homonuclear [24–29] or heteronuclear [27,30,31], and
simple molecules with polyatomic [32–36], the harmonic
spectrum is different from the atomic HHG spectrum. Irani
et al. studied the harmonic spectrum of the Br2 molecule to
generate multiplateau and expand the harmonic plateau by
adjusting the carrier-envelope phase (CEP) and the molecular
orientation [29]. Monfared et al. found that multiorbitals of the
molecule N2O contribute to the harmonic spectrum, and the
tunneling ionization of HOMO-1 electrons leads to the cutoff
extension [35]. Yun et al. extended the harmonic spectrum
of the molecule CO2 in an intense laser field by using an
orthogonal two-color field [37].

For the HHG of molecules with a more complex structure
or larger spatial scale in the strong field, due to its complexity,
the in-depth research is relatively less. Altucci et al. proved
that the specific hydrocarbon molecular orbital has an im-
portant effect on the nonaligned polyatomic molecular HHG
[38]. By constructing a suitable mixture of s-type and p-type
atomic wave functions, an excellent agreement between mea-
surements and simulations in methane is found, and confirmed
the important role played by the p-like character originating
from the covalent C-H bond. Torres et al. and Kajumba et al.
investigated the dependence of the harmonic yield on the
angle between the polarization of the driving laser field and
the axis of aligned polyatomic molecules such as acetylene
and propane. It was demonstrated that the measured results
were in good quantitative agreement with the calculated re-
sults using the strong field approximation, indicating that the
angle-dependent spectrum carried the information about the
molecular orbital structure and the symmetry [39,40]. Vozzi
et al. studied the influence of the specific molecular orbital
in HHG by aligned polyatomic molecules for ethane (C2H6),
acetylene (C2H2), propane (C3H8), butane (C4H10), ethylene
(C2H4), allene (C3H4), and 1,3-butadiene. The spectra were
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modulated by different alignment angles and showed signa-
tures of the molecular structure [41]. Zhu et al. examined
the anomalous circular dichroism of HHG for three isomers
of the 6.4 stereo-molecular tartaric acid under the circularly
polarized laser pulse [42]. Yuan et al. investigated the HHG
of molecules with enlarged nuclear distances in a circularly
polarized laser field, and they demonstrated that the energy
exchange between electrons caused by double ionization can
expand the harmonic spectrum [43]. Lein et al. also studied
the HHG of molecules with enlarged nuclear distances in
the linearly polarized laser field, and they affirmed that the
maximum kinetic energy produced by collisions with adja-
cent ions is IP + 8UP, which is higher than the maximum
of the linearly polarized recollision [44,45]. The above re-
search shows that it is possible to use the molecular HHG
to enhance the harmonic efficiency and increase the cutoff
frequency.

However, for complex molecules with larger spatial scales,
due to their polyatomic characteristics and larger spatial dis-
tribution, their harmonic emission process under the ultrashort
pulse is more complicated, and there are fewer relevant studies
up to now. Sansone et al. synthesized isolated attosecond
pulses using the polarization gate technique, based on the
concept of the quantum path, and discussed the influence of
the driving pulse with the amplitude and the CEP on har-
monic spectral characteristics [46]. Calegari et al. depended
on the CEP of the driving field, obtained complete control
of the XUV emission over the entire spectral range, and
isolated or multiple attosecond pulses were produced by the
quantum path control mechanism [47]. In this study, time-
dependent density-functional theory (TDDFT) is used, and
the time-frequency analysis of the harmonic emission can
be combined with the classical trajectory to explain the cut-
off position of the harmonic spectrum. Due to the lack of
the phase information in classical trajectories, a quantitative
explanation for quantum interference effects caused by dif-
ferent emission mechanisms cannot be obtained. For complex
molecules with a larger spatial scale driven by an ultrashort
laser, more molecular orbitals will contribute to the ionization
and recombination processes, and the recombination spatial
area is not limited to the vicinity of the tunneled atomic
nucleus. Compared with the atomic HHG, it is possible to gen-
erate the harmonic with higher intensity and greater energy.
For this reason, this work theoretically studied the HHG of
the long-chain molecule 1-nonene (C9H18) and 1,3-butadiene
(C4H6) under the ultrashort laser pulse. In this study, the
long axis of the C9H18 molecules is considered aligned with
respect to the laser field polarization. It is proved that the
cutoff energy and efficiency of the HHG by the interaction of
the ultrashort intense laser with the long-chain molecule are
higher than that of BF and the enhancement is explained by
the time-dependent wave packet motion and the semi-classical
simulation.

The organization of this paper is as follows. In Sec. II,
the TDDFT is briefly described when the molecular HHG
in an intense laser field is simulated. In Sec. III, we give
the numerical results of C9H18 harmonic spectra and carry
out a detailed analysis and discussion. Our main conclusions
are summarized in Sec. IV. Atomic units are used throughout
unless otherwise specified.

II. THEORETICAL MODEL AND NUMERICAL METHOD

To simulate the HHG generated by the interaction between
ultrashort pulses and molecules, we used the TDDFT method.
This scheme is well applicable to the study of HHG generated
from the molecule irradiated by the intense laser pulse. The
results indicate that the HHG generated from simple diatomic
molecules [48], the molecule of benzene [49] and more com-
plex solid-state systems [50] calculated by TDDFT are in
good agreement with the experimental measurements. The
prediction of HHG by TDDFT calculation can also be verified
experimentally [50,51]. In addition, Bedurkes’ work sug-
gested that, for the efficiency and cutoff energy of HHG in the
complex systems, the simulation results using wave-function
theory and TDDFT are consistent [52]. The open-source
software package OCTOPUS [53–55], which is based on the
evolution of a real-time and real-space grid, was selected
for calculations. For a multi-electron system evolving from
a given initial state, the Runge-Gross theorem [56] establishes
a one-to-one mapping between the time-dependent single-
electron density and the time-dependent external potential.
The time-dependent electron density of the closed-shell sys-
tem is

ρ(r, t ) = 2
N/2∑
i=1

|ψi(r, t )|2, (1)

where i is the orbital index and N is the number of electrons.
The single-particle occupation of the Kohn-Sham (KS) orbital
ψi(r, t ) can be obtained from the time-dependent Kohn-Sham
(TDKS) equation (in the length gauge)

i
∂

∂t
ψi(r, t ) =

[
−1

2
∇2 + VKS(r, t )

]
ψi(r, t ), i = 1, . . . , N.

(2)
Here VKS(r, t ) is the KS potential

VKS(r, t ) = Vne(r) + VH[ρ](r, t ) + Vxc[ρ](r, t ) + Vlaser (r, t ),
(3)

where Vne(r) is the potential energy that the valence elec-
tron feels from the real ion, which is described by the
norm-conserved nonlocal Troullier-Martins pseudopotential
[57]. The second term VH[ρ](r, t ) is the Hartree po-
tential, which contains the classical Coulomb interaction
between electrons,VH[ρ](r, t ) = ∫

[ρ(r′, t )/|r − r′|]d3r′. The
third term Vxc[ρ](r, t ) is the exchange-correlation potential,
which contains the nonperturbative many-body effect. The
parameter used in the exchange-correlation functional is the
generalized gradient approximation (GGA) of Perdew-Burke-
Ernzerhof [58]. The last term Vlaser (r, t ) is the interaction
between the laser field and the electron.

To realize the time propagation, the density functional the-
ory (DFT) is needed to solve the KS equation to get the initial
state. The simulation box with |rx| � 100 a.u., |ry| � 40 a.u.,
and |rz| � 40 a.u. is used in calculations, and the spacing step
is �r = 0.4 a.u.. The approximate enhanced time-reversal
symmetry [59] scheme is used to solve the time-dependent
KS orbital function, and the time step is �t = 0.08 a.u.. To
eliminate the nonphysical reflection of the orbital wave func-
tion on the boundary, the complex absorption potential (CAP)
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[60] is adopted in the simulation

Vabsorb (r) =
{

0, 0 < r < rmax,

iη sin2
[ (r−rmax )π

2 L

]
, rmax < r < rm + L,

(4)

L = 10 a.u. and η = −0.8 a.u. are the width and height of the
absorption potential, respectively.

After the time-dependent wave function ψi(r, t ) is ob-
tained, the time-dependent dipole moment of the system can
be calculated

d(t ) =
N∑

i=1

〈ψi(r, t )|r|ψi(r, t )〉. (5)

According to the Ehrenfest theorem [61], the time-
dependent dipole acceleration a(t ) of the system can be
expressed as

a(t ) = d2

dt2
d(t ) =

N∑
i=1

〈ψi(r, t )|−∇VKS|ψi(r, t )〉. (6)

The harmonic spectrum can be produced by Fourier transform
of time-dependent dipole acceleration [62]

H (ω) =
∣∣∣∣ 1

Ttotal

∫ Ttotal

0
a(t )e−iωt dt

∣∣∣∣
2

, (7)

where Ttotal is the total duration of the laser pulse.
The ultrashort attosecond pulse can be generated by choos-

ing harmonic coherent superposition in a certain energy range.
The time-dependent intensity of the attosecond pulse can be
expressed as

I (t ) =
∣∣∣∣
∫

q
aqeiqω0t

∣∣∣∣2

, (8)

where q is the order of harmonics, aq is

aq =
∫

a(t )e−iqω0t dt . (9)

For investigating the behavior of HHG in the time domain,
we use Molet time-frequency analysis [63]

Aω(t0, ω0) =
∫ t f

ti

a(t )wt0,ω(t )dt, (10)

where wt0,ω(t ) is the kernel of the wavelet transform

wt0,ω(t ) = √
ωW [ω(t − t0)], (11)

where

W (x) = 1√
τ

eixe−x2/2τ 2
. (12)

III. RESULTS AND DISCUSSION

A linearly polarized laser pulse is chosen in the simulation

E(t ) = E0

[
sin2

(πt

T

)]
sin (ω0t + ϕ )̂eX. (13)

The envelope of the electric field is the sin square one,
and the peak amplitude of the pulse E0 = 0.09 a.u.(I =
2.84 × 1014 W/cm2), the center frequency ω0 = 0.057 a.u.
(the wavelength λ = 800 nm), the carrier-envelope phase ϕ =

FIG. 1. The HHG spectra of C9H18 (black solid line), C4H6 (red
dashed line), and BF (blue dotted line). The electric field is polarized
along the molecular axis I = 2.84 × 1014 W/cm2, λ = 800 nm, ϕ =
0.

0, the duration T is two optical cycles (o.c.). In the simula-
tion, the molecular axis was chosen as the X axis along the
polarization direction of the laser electric field. The nucleus
is fixed, and the maximum internuclear distance of C9H18,
C4H6 and BF molecules are 11.61, 5.41, Å and 1.26 Å,
respectively. The calculated highest occupied molecular or-
bital (HOMO) energies of C9H18, C4H6 and BF molecules
are −7.88 eV, −9.30 eV, and −11.15 eV, respectively. Ex-
perimentally, a weak alignment laser pulse can be applied,
when the collimation effect is maximized, a linearly polarized
driving laser is used to interact with the molecule. The HHG
spectra of C9H18, C4H6, and BF molecules with similar ion-
ization potential (IP) irradiated by the laser pulse are shown in
Fig. 1. It can be seen from Fig. 1 that, under the same laser
pulse, the harmonic spectrum plateau of the C9H18 molecule
is wider and the cutoff is about ten orders larger than that
of the BF molecule. The harmonic efficiency and the cutoff
frequency of the C9H18 spectrum are higher than those of the
BF molecule. In the low-energy region(<30 harmonic orders)
of the harmonic spectrum, the intensity of the C9H18 is 2–3
orders higher than that of the BF molecule. In the high-energy
region (>30 harmonic orders), the supercontinuum harmonic
spectrum of the C9H18 can be observed. The harmonic spec-
trum plateau of the C4H6 molecule is also extended. The
harmonic emission efficiency and cutoff frequency of
the C4H6 molecule are both between the C9H18 molecule
and the BF molecule. The harmonic efficiency of the C4H6

molecule is about one order higher than the BF molecule, and
the cutoff frequency of the C4H6 molecule is about five orders
higher than the BF molecule. There is obvious advantage on
the harmonic intensity and cutoff frequency for long-chain
molecules. The larger the molecular size is, the more the
number of atoms is, and the more obvious the advantage is.
It is worth noting that due to the small IP of C9H18, C4H6, and
BF molecules, the molecules have a chance to be ionized at
the rising edge of the driving laser pulse, and harmonic spectra
with larger cutoff energy cannot be obtained. The laser pulses
used in this paper are ultrashort pulses and the interaction time
between the laser and the molecule is very short, so the overall
ionization is not large (the maximum ionization of a single
electron orbital of C9H18, C4H6, and BF molecules are 0.182,
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FIG. 2. The dependence of the harmonic cutoff frequency with
the peak intensity of the laser pulse for C9H18 (black circle), C4H6

(red square), and BF (blue triangle) molecules.

0.233, and 0.245, respectively). Therefore, IP has little effect
on HHG. To understand the mechanism of the extension of the
cutoff frequency and the harmonic intensity enhancement, we
systematically investigated the influence of the driving laser
intensity on the cutoff energy of the harmonic spectrum.

Figure 2 presents the change of the cutoff frequency with
the peak amplitude of the laser electric field for C9H18, C4H6,
and BF molecules. It can be seen from Fig. 2 that, for dif-
ferent electric laser intensity (from 0.87 × 1014 W/cm2 to
3.51 × 1014 W/cm2), the harmonic cutoff frequency of C9H18

and C4H6 molecules are always greater than that of the BF
molecule,and the harmonic cutoff frequency of the C4H6

molecule is always in between. As the intensity of the laser
pulse increases, the difference between the cutoff frequen-
cies from C9H18, C4H6, and BF molecules become larger.
The harmonic cutoff frequency of the BF molecule can be
predicted by the semi-classical three-step model [64], that is,
electrons are ionized by the laser electric field, then return to
the ionized region, and recombine with the parent ion to emit
photons. For the C9H18 and C4H6 molecules, they should need
to further study the enhancement of the harmonic cutoff. In
the following, we use the wavelet transform to analyze the
time-frequency behavior of the molecular harmonic emission.

Figure 3 exhibits the time-frequency analysis of the har-
monic spectra from C9H18 and BF molecules. It can be
seen from the figure that the harmonic emission of the two
molecules mainly occurs within 1–2 o.c., C9H18 molecular
harmonics can be observed at 0.5–1o.c., and there is no har-
monic generation for the BF molecules during this duration.
To understand the behavior of HHG, the three-step model is
applied to classically calculate the change of the harmonic
energy with the recombination time. In the classical simula-
tion, we first consider that electrons ionize from an atom, then
move in the action of laser electric field, and come back this
atom to emit harmonic photons. We call this process the return
collision (RC) mechanism. Figure 3 shows the dependence of
the harmonic order with the emission instant (black curve) in
this mechanism. It can be noticed that, for the BF molecule,
the classical harmonic emission behavior (black solid line) is
consistent with that of the quantum calculation in the duration
from 1 o.c. to 2 o.c., as shown by Fig. 3(b). However, the
harmonic emission of C9H18 from the quantum simulation is

FIG. 3. Time-frequency behavior (color image) and classical
analysis (curves) for the harmonic spectra from (a) C9H18, (b) C4H16,
and (c) BF. Classical trajectory analysis is divided into three cate-
gories. The black curve represents the calculation result for ignoring
the spatial scale of the molecule, which corresponds to the RC
mechanism. When considering the spatial scale of the molecule, the
red and white curves correspond to the HRC and HDC mechanisms,
respectively. The parameters of the driving laser pulse are the same
as Fig. 1.

different from the classical trajectory (back solid curve), as
presented in Fig. 3(a).

To clarify the difference between quantum and classical
simulations of the C9H18 HHG, we further considered the
influence of the spatial effect on the C9H18 harmonic spec-
trum. Figure 4 shows the structure of the C9H18 molecule.
The position of the C = C double bond is called the “head”
and the position of methyl is called the “tail.” At the instant
t1, many of the electrons are ionized in the “head” by the laser
pulse and go forward along the X axis. When the electric field
is reversed, it moves in the opposite direction. At the time t2, a
part of the returned electrons recollide with atoms in the head
and radiate HHG, which is the RC mechanism. The returned
electronic wave packet also has the opportunity to continue
to be accelerated and may collide with atoms in the “tail” at
the instant t3, which is called heteronuclear return collision
mechanism (HRC, as shown in the red curve in Fig. 4). In
addition to the above two mechanisms, due to the larger spatial
structure of the C9H18 molecule, the electronic ionization can
occur at the “head” at the time t2, and electrons may move
directly from one side of the molecule to the other under the
action of the driving laser field, and emit harmonic photons at
the instant t3, which is called the heteronuclear direct collision
mechanism (HDC, as presented by the blue curve in Fig. 4)
[65].

Based on the HRC mechanism, the dependence of the
harmonic energy with the recollision time is exhibited in the
red curve in Fig. 3. It can be observed from this figure that, due
to the small nuclear distance of the BF molecule, the result
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FIG. 4. Schematic diagram of the HHG mechanism of C9H18.
The black dotted dashed line represents the laser electric field po-
larized along the molecular axis and the arrowed curve represents
the movement of ionized electrons in the laser electric field. The
harmonic emission time t2 of the RC mechanism (black dashed line
with arrow) originates from the ionization time t1. Two ionization
moments t1 and t2 lead to the same harmonic emission time t3, which
correspond to HRC (red solid line with arrow) and HDC mechanisms
(blue dotted line with arrow), respectively.

given by the HRC mechanism is the same as the case from
RC. However, the two curves from HRC and RC for C9H18 are
quite different. The cutoff frequency of the harmonic spectrum
from RC is about the 30th, while the maximum harmonic
cutoff from HRC is about the 45th because of the large spatial
scale of the C9H18 molecule, which is close to the behavior
of HHG on the space and timescale resolution in the quan-
tum calculation. More importantly, it can be found that the
harmonic spectrum from HRC is consistent with the classical
calculation in the duration of 0.5 o.c. to 1 o.c.. In Fig. 3,
we also presented the change of the harmonic order with
the recombination instant (the white curve) from the HDC
mechanism. By observing the time-frequency distribution of
the C9H18 HHG, it is noticed that the corresponding emission
instants of 20 to 40th harmonics are around 1 o.c. to 1.5
o.c., there exists an interference structure. Because HDC and
HRC contribute to harmonics in this emission region, which
results in the interference structure of the C9H18 harmonic
spectrum. For the long-chain molecule C4H6, it can be seen
from Fig. 3(b) that its harmonic emission mechanism is the
same as that of the C9H18 molecule, and the main reason for
the increase in the cutoff frequency of its harmonic spectrum
is the HRC mechanism, and the role of HDC mechanism
also exists. The classical simulation of the harmonic is in-
consistent with the quantum calculation results, so the role
of RC mechanism alone cannot explain its harmonic emission
mechanism. Since the long-chain molecules C4H6 and C9H18

are only different in molecular size, the harmonic emission
mechanism is the same. Therefore, the following research in
this paper mainly focuses on the C9H18 molecule, and the
C4H6 molecule will not be repeated.

To visually observe the harmonic emission process of the
C9H18 molecule in the intense laser field, we calculated the
time-dependent electron density of C9H18 as a function of
the time. Figures 5(a) to 5(j) present the electron probability
density distribution from t =0.6 o.c. to t = 1.5 o.c., and the

FIG. 5. Time-dependent evolution of the ionized electronic prob-
ability of C9H18. (a)–(j) corresponds to different instants t = 0.6
o.c. to t = 1.5 o.c., and the time interval �t = 0.1 o.c. The lasers’
parameters are the same as Fig. 1.

time interval �t = 0.1 o.c. It can be seen from Fig. 5(a) that,
at the instant t = 0.6 o.c., the electrons are mainly located
near the nucleus because the intensity of the driving laser is
wake. Driven by the laser electric field, the bound electrons
are ionized and gradually move away from the molecular ions,
then the electronic wave packets diffuse outward, as shown by
Figs. 5(b) to 5(d). When the time reaches t = 1.0 o.c., the laser
electric field is reversed. Because the electron has a larger
velocity, its wave packet is still far away from the parent ion,
as exhibited by Fig. 5(e). With the further increase of time,
the electron wave packet moves in the opposite direction and
returns to the parent ion, as presented by Figs. 5(f) to 5(g). It
can also be seen from Figs. 5(h) to 5(j) that, under the action
of the incident laser, the electrons of C9H18 start to drive from
the head to the tail and have the opportunity to collide with
other nuclei of the molecule to release HHG through the HDC
mechanism.

The harmonic spectrum of C9H18 in the ultrashort laser
pulse has a high intensity and shows a supercontinuum char-
acteristic (the black solid line in Fig. 1), so it can be applied to
generate isolated ultrashort pulses on the attosecond timescale
with higher intensity. This part of the supercontinuum emis-
sion spectrum is filtered out, and a single attosecond pulse
with the duration of 210 as can be obtained. On this basis,
Figs. 6(a) and 6(b) display the influence of the CEP of the laser
electric field on HHG and attosecond pulses, respectively. The
CEP is ranged from 0 to 2π with an interval of π/18, and
the resulting harmonic emission spectra are shown in Fig.
6(a). As can be observed from this figure, when CEP = π/2
and CEP = 3π/2, the cutoff frequencies of the harmonic
spectra reach 60th order. When CEP = 3π/4, the harmonic
cutoff is about 45th order. Filtering out the supercontinuous
part of the harmonic spectra can produce isolated ultrashort
attosecond pulses, as shown in Fig. 6(b). It can be seen from
the figure that the CEP of the driving laser pulse has a strong
modulation effect on the generation of the attosecond pulse.
The attosecond pulse with the highest intensity is more than
five orders of magnitude higher than the attosecond pulse with
the smallest intensity, and the full width at half maximum
(FWHM) of the attosecond pulse is also different. The inten-
sity of isolated attosecond pulses in the CEP range of 5π/6 to
3π/2 is stronger and the corresponding FWHM is narrower.
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FIG. 6. (a) Harmonic spectra of C9H18 at different CEPs, ϕ =
0 ∼ 2π (interval π/18); (b) attosecond pulses synthesized by su-
percontinuum harmonics from different CEPs, ϕ = 0 ∼ 2π (interval
π/6). The other parameters of the laser pulse are the same as Fig. 1.

The obtained attosecond pulse at CEP = 4π/3 has the highest
intensity and its FWHM is 108 as. To analyze the influence
of the molecular orientation on the HHG, we presented the
HHG spectra of C9H18 molecule whose molecular axis varies
from 0 to 2π respective to the polarization direction of the
linearly polarized laser electric field, as shown in Fig. 7(a).
It can be seen that there is harmonic emission from different
orientation conditions and the intensity of harmonics in the
low-energy region has little difference (10th to 30th orders),
but there is a significant difference in the high-energy region
(greater than the 30th order). When the direction of laser
electric field is along the molecular axis, the cutoff energy of
the harmonic spectra is the largest. As the orientation angles

FIG. 7. (a) The HHG spectra of the C9H18 molecule, the orienta-
tion angle θ = 0 ∼ 2π (interval π/18). (b) The HHG spectra (black
solid line) of the C9H18 molecule when θ = 0, the isotropic HHG
spectrum (red dashed line) and the HHG spectrum (blue dotted line)
of the BF molecule when θ = 0.

are π/2 and 3π/2 (the spatial size of the molecules along
this direction is the smallest and the number of atoms is
the smallest), the cutoff energy of the harmonic spectra is
the smallest. According to the harmonic emission mechanism
presented in Fig. 3 in the paper, under this condition, it can
be known that the role of the HRC and HDC mechanisms
on harmonic emission is smallest, and thus reducing largely
the harmonic cutoff frequency. Figure 7(b) shows the high
harmonic generated from the molecule which is isotropic or
aligned. It can be seen from the figure that the cutoff frequency
of the harmonic spectra is the same for the molecules which
is isotropic or aligned. The intensity of the high-energy region
(greater than 40th order) of the harmonic generated from the
isotropic molecule is lower than the harmonic generated from
the aligned molecule. Moreover, the harmonic intensity and
cutoff frequency for C9H18 molecule which is isotropic or
aligned are both larger than that of the aligned BF molecule.
Therefore, if a specific alignment pulse added in the experi-
ment, the intensity and the maximum cutoff energy of HHG
can be optimized.

IV. CONCLUSION

In conclusion, HHG of C9H18 in the linearly polarized
ultrashort laser pulse was investigated by using the TDDFT
scheme. Compared with HHG of BF under the same laser
field, it was found that the harmonic efficiency of C9H18 is
significantly higher and the cutoff energy of the harmonic
spectrum is larger. Further studies demonstrated that the har-
monic cutoff energy enhancement effect of C9H18 exists for
driving lasers with different intensities. Through the analysis
of the harmonic time-frequency behavior and the electronic
wave packet motion behavior of C9H18, it was verified that
the electrons ionized from atoms at one side of the molecule
recombined with atoms at the other side, which leads to the
increase of the harmonic cutoff. The CEP of the ultrashort
laser pulse has an apparent effect on the harmonic spectra
and isolated attosecond pulses of C9H18, the higher inten-
sity single attosecond pulse with 108 as can be generated.
The orientation will affect the molecular harmonics.
When the linearly polarized laser electric field is polarized
along the molecular axis direction, the harmonic emission
efficiency and cutoff frequency of the C9H18 molecule are the
higher.

In addition, we studied the HHG of the C4H6 molecule (a
long-chain molecule whose molecular size is between C9H18

and BF molecules), and found that the C4H6 molecule pos-
sesses the same harmonic emission mechanism as the C9H18

molecule, and the efficiency and cutoff frequency of HHG
spectra are significantly higher than the BF molecule. Our
research reveals that the harmonic efficiency and the cutoff
frequency can simultaneously be enhanced by using a com-
plex molecule with a large spatial scale, which may pave the
way to obtain a single attosecond pulse with higher inten-
sity and shorter duration. We believe that the recombination
mechanism discussed in this paper is generic for this molec-
ular type. In future studies, we will try to find a long-chain
molecule to enhance both the harmonic emission efficiency
and the cutoff energy.
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