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We investigate the high harmonic generation from stretched acetylene molecules subjected to intense laser
fields employing time-dependent Hartree-Fock methods. It is found that as the C-C and C-H bonds are stretched,
the harmonic efficiency increases significantly due to the increased ionization of inner valence o orbitals in
the monochromatic field, while the harmonic yield will be limited by the strong depletion of the ground-state
population under a certain bond length. Moreover, the harmonic emission is affected by the nonadiabatic electron
dynamics from the multiorbital coupling effects. In addition, by introducing a two-color field scheme for different
C-H bond configurations with the fixed C-C bond, the aforementioned harmonic efficiency will be further
enhanced due to laser-induced strong excitation from inner valence orbitals to initially unoccupied orbitals.
The above results would be helpful for further understanding multiorbital dynamics in the harmonic generation

from polyatomic molecules.
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I. INTRODUCTION

As the foundation of attosecond science [1], high-order
harmonic generation (HHG) from atoms and molecules has
become one of the hottest topics over the last three decades.
HHG can not only be used to generate table-top extreme
ultraviolet (XUV) light sources and attosecond pulses, but
also provide the tools to probe the atomic and molecular
structures and ultrafast dynamics [2—6]. HHG can be well un-
derstood in the classical three-step model, in which the bound
electron tunnels through the barrier formed by the Coulomb
potential and the laser field into the continuum, then obtains
energy in laser-driven acceleration, and, finally, recombines
radiatively [7]. For molecules, the close energy gap and the
different symmetries among several molecular orbitals lead
to multiple ionization channels depending on the angle of
molecular alignment [8,9], which has a significant effect on
the subsequent HHG [6,10-13], such as the occurrence of
multichannel interference minimum.

In addition to the complex electronic structure, the addi-
tional nuclear degrees of freedom for molecules also affects
the ionization and harmonic generation. One example is the
charge-resonance enhanced ionization (CREI) phenomenon,
which indicates the appearance of high ionization rates at a
critical internuclear distance R when molecules are exposed
to intense laser pulses [14—16]. In the fixed-nuclei model,
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the quantum interference between the two atomic centers will
form a pronounced minimum in the harmonic spectra for suit-
able molecular alignment [17-19]. Afterwards, Lein further
theoretically demonstrated that the harmonic intensity from
the molecules with a lighter isotope is weaker with respect
to that from molecules with a heavier isotope [20], which is
interpreted by the nuclear vibrational autocorrelation function
[21], and the above feature was subsequently confirmed by
experimental observations [3]. The influence of nuclear mo-
tion on the HHG of small molecules has been extensively
studied, mainly including the dynamic two-center interference
effect [22], the isotope effect [23,24], the initial vibrational
state effect [25,26], and the redshifts [27,28]. So far, most
of the research mentioned above has mainly focused on one-
and two-electron molecular systems or model molecules of
reduced dimensionality. Some theoretical models based on the
strong field approximation have been proposed to investigate
the nuclear dynamics in HHG of multielectron molecules
[29-32]. Nonetheless, accurate treatment of all electronic and
nuclear dynamics in the study of molecular HHG remains
challenging, especially for polyatomic molecules.

The purpose of our present study is to investigate the HHG
of stretched polyatomic molecules using the time-dependent
Hartree-Fock method (TDHF) [33-36]. We choose acetylene
(C,Hy) as the research object for the following two reasons:
First, C;H; is a simple and representative linear hydrocarbon
molecule, which is essential in organic chemistry. For exam-
ple, several works have focused on the impact of electronic
structure on HHG of C,H, molecules under midinfrared laser
pulses [37,38]. Second, recent experiments have observed
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FIG. 1. Coordinates of the C,H, molecule.

enhanced ionization in polyatomic molecules [39-44], and
the above distinct feature is related to the increased ejection
of inner-valence electrons in theoretical simulations [45-49].
Recently, Mulholland et al. showed that the excitation from
the highest occupied molecular orbital (HOMO)-1 to the low-
est unoccupied molecular orbital (LUMO)+1 plays a crucial
role in the HHG of the C,H; molecule by combining a vac-
uum ultraviolet laser pulse (the pump pulse) and midinfrared
laser pulse (the probe pulse), and the electrons are described
employing time-dependent density functional theory with the
ions treated classically [50].

As stated above, a complete description of the roles of
electron excitation and orbital coupling in the HHG of C,H,
molecules as a function of C-H and C-C bonding lengths,
given in a detailed manner based on a quantitative analy-
sis, is an intriguing problem, which is helpful for further
understanding the multiorbital dynamics in molecular HHG.
Moreover, the study of the enhanced harmonic efficiency of
C,H;, molecules due to excitation from inner-valence orbitals
to unoccupied orbitals induced by the auxiliary XUV field
is required. In this work, we employ the TDHF approach
to study the impact of orbital mixing, electronic excitation,
and nonadiabatic effects on the HHG of C,H, molecules
with different bonding lengths exposed to monochromatic
and two-color laser fields. It should be noted here that the
nuclei are frozen in our calculations, and the reason is that
taking accounting of nuclear motion will not only increase the
numerical effort considerably, but also complicate the analysis
of the questions considered, which is beyond the scope of the
current work.

The present paper is organized as follows. In Sec. II, we
present the TDHF theory to study HHG from stretched C,H,
molecules in intense linearly polarized laser fields. Section
III contains the results and discussion. In Sec. III A, we
show the HHG spectrum for C,H, molecules with different
C-H and C-C bonding lengths in the monochromatic fields
and the contribution of different orbitals to HHG spectra. In
Sec. III B, we introduce a two-color field scheme to inves-
tigate the effect of excitation from inner-valence orbitals to
unoccupied orbitals induced by the auxiliary XUV field on
the HHG spectra. Finally, the conclusions are given in Sec.
IV. Atomic units (a.u.) are used, unless indicated otherwise.

II. THEORETICAL APPROACHES

Figure 1 shows the coordinates of the C;H, molecules
based on one-center expansion [34]. The C-C and C-H
bond distances are defined as Rcc = 2|R;| and Rey = |R;| —
|R;|, respectively. The equilibrium internuclear distances are
Rcc = 2.27 au. and Rcy = 2 a.u. Two sets of calculations

are performed in our work: one is that the Rcy is changed
with Rcc fixed at the equilibrium bond length, and another
one indicates that both Rcc and Rcy are varied. The TDHF
equation for C;H, molecules subjected to laser pulses within
the dipole approximation is written as [35,36,47]

i%%(l‘, 1)=[Hy(r)+2J(r,1) — K(r,t) + r - E@)]Wi(r, 1),

(D
where
Ho(r) = 1 o 2 0 1 ( E ) m2
=T o 08 95 1-¢&2
Zy Zc Zc ZH
Ir+R;| [r+Ry| [r—Ry| [r—Ry|
2

is the one-electron Hamiltonian with a given magnetic quan-
tum number m and £ = cos@ [35], and Zo =6 and Zy =1
denote the charges of the C nucleus and H nucleus, respec-
tively. The electron-electron Coulomb interaction J(r, ¢) and
exchange interaction K(r, t) have the following formulas:
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where n indicates the total number of molecular occupied
orbitals.

In our calculations, the i molecular orbital wave func-
tion W;(r, t) can be expanded in terms of the finite-element
discrete-variable representation (FEDVR) basis and B-splines
as [35]

W(r, &, o, = \/%Z v( )Xu( )Bk (S)(l —.‘;—'2)"11‘/26”7“/7.
nu

®)

The details of FEDVR x,,(r) and B-splines B’;(E ) can be
found in [35,51,52]. The time-dependent wave function is
propagated using the Crank-Nicolson method[35,52,53] and
the orthogonality between different orbitals is enforced dur-
ing the time evolution. A detailed introduction of the TDHF
theory can be found in our previous works [34-36]. A cos'/®
mask function is used near the boundary to avoid unphysical
reflection of the electronic wave packet.

After obtaining the time-varying wave functions W;(r, t),
the time-dependent ionization probability of the i orbital is
defined as

Fi@t) =1—ni), (6)

where n;(t) = (V;(r, t)|W;(r, 1)) is the time-varying popula-
tion (survival probability) of orbital i in the simulation “box.”
Then the total ionization probability is given by P (?) =
1 — []; m:(¢). The time-dependent orbital energy &;(¢) can be
given by

&i(t) = (Wi(r, 1)|Ho(r) + 2J(r, 1) — K(r, ))[W;(r,1)). (7)
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FIG. 2. The field-free orbital energies ¢;(r = 0) as a function of
Rcy with the fixed Rec = 2.27 a.u. The three vertical black arrows
indicate the energy required for the electron to be excited from 3o,
to 30, when Rcy is 2.0 (equilibrium bond length), 2.32, and 3.0 a.u.,
respectively.

We also calculate the component of the nth field-free or-
bital W,(r,7 = 0) contained by the i time-dependent orbital
W;(r, t), called the projected population, as follows:

Pui(t) = (W, (x, 1 = 0)|W;(r, 1)) . ®)

The high harmonic spectra can be obtained by Fourier trans-
forming the time-dependent dipole acceleration [17],

T
S(a))o<‘ / § a;(t)e " dt
(U

where a;(t) = j—; (Wi(r, 1)|Z|W;(r, t)) is the i orbital dipole
acceleration.

In the following calculations, 134 FEDVR bases and 30 B-
splines of the order of k = 7 are used, the time step is 0.1 a.u.,
and the truncated radius is rp,x = 50 a.u. Convergence of
numerical simulations is reached with the above settings.

2

; €))

III. RESULTS AND DISCUSSIONS

The electronic configuration of the ground state of C,H;
is (10,)*(10,)*(204)*(20,)*(30,)*(17,)* and the LUMOs are
(30,)" and (40,)°. In Sec. III A, we investigate the HHG
of C;H, molecules in the monochromatic laser field for two
groups of bond lengths: One is that the Rcy changes with the
Rcc fixed at the equilibrium bond length, and another one is
that both Rcc and Rcy are varied simultaneously. In Sec. 111 B,
we investigate the influence of the 2w field on the efficiency
of HHG by introducing two-color fields.

A. The monochromatic laser field

The monochromatic laser field is selected to be linearly
polarized along the molecular axis Z and the electric field is
given by

Enono(t) = Eo f (t)cos(wot ), (10)

where E( indicates the peak field amplitude, w is the carrier
frequency, and the envelope f(¢) is a six-optical-cycle trape-
zoidal pulse with one cycle ramp on, four cycles constant, and
one cycle ramp off.

In Fig. 2, we plot the Rcy-dependent field-free energies
&i(t = 0) of selected orbitals (20, 20y, 30,, 17,, 30,, and
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FIG. 3. (a) The total harmonic spectra of C;H, molecules with
different Rcy and fixed Rec = 2.27 a.u. for the six-optical-cycle
laser pulse with a peak intensity of 172 TW/cm? and a wavelength
of 800 nm. For clarity, we only show the harmonic spectra of
Ren = 2.0, 3.0, 3.5, and 4.0 a.u. The inset is the total time-dependent
ionization probability Py (7). (b) The total time-dependent dipole of
C,H, with the same Rcc and Rcy as (a). The laser field is represented
by the gray double-dot-dashed lines of (b).

40,) with the fixed Rcc = 2.27 a.u. It is shown that as the
C-H bond length is stretched, the orbital energies of 20, and
30, increase, while the orbital energies of 20, and 17, change
little. The energy gaps between 30, (20,) and 30, (40,) de-
crease with the increase of Rcy. The ionization energy of the
20, electron is much larger with respect to those of electrons
in the occupied orbitals 20y, 30,, and 17, in Fig. 2, so the
lo,, 10y, and 20, orbitals keep frozen in the time evolution of
TDHF equations.

Figure 3(a) presents the total harmonic spectra of C,H,
molecules at the fixed Rcc = 2.27 a.u. and different Rcy
(Rcy = 2.0, 3.0, 3.5, and 4.0 a.u.) under the peak electric
field of Ey = 0.07 a.u. corresponding to the laser intensity
of 172 TW/cm? for the wavelength of 800 nm. It can be
seen that the harmonic intensity enhances with the increase
of C-H bond lengths, which stems from the increased ion-
ization probability [see the inset of Fig. 3(a)]. However, the
enhancement of harmonic yield is not obvious when the C-H
bond length is stretched from 3.5 to 4.0 a.u. In Fig. 3(b),
we plot the total time-dependent dipoles at different C-H
bonding lengths corresponding to Fig. 3(a). It can be seen
that the dipoles adiabatically follow the external laser field at
Rcy = 2.0, 3.0, and 3.5 a.u., while the time-dependent dipole
shows the subcycle oscillations in the last three cycles for
Rcuy = 4.0 a.u. Thus, the destruction of the periodic behavior
of the electron results in the non-odd harmonics of the total
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FIG. 4. The time-dependent population of 13,,(f) (red dot-dashed lines) of the 30, orbital [i = W3, (r, 7)] and the projections P,;(t) of
the W3, (r, 7) on the two ground-state occupied orbitals (n = 20, + 30y, solid green lines), the two LUMOs (n=LUMOs, solid blue lines),
and these four o orbitals (n = 20, + 30,+LUMOs, dashed black lines) for different C-H bonding lengths. (a),(e) Rcy = 2.0 a.u.; (b),(f)
Ren = 3.0a.u.;(¢c),(g) Rey = 3.5 a.u.; (d),(h) Rey = 4.0 a.u. The laser field is represented by the solid gray lines of (e) and the laser parameters
are the same as those in Fig. 3. Here the Rcc is fixed at 2.27 a.u. In (a) and (b), the solid green lines nearly coincide with the dashed black lines.

spectrum when Rcy is 4.0 a.u. [see Fig. 3(a)]. Furthermore,
close inspection of Fig. 3(b) reveals that the first amplitude of
the dipole increases with the C-H bond length, which stems
from the higher ionization rate near the 17 (T is the optical
cycle) at large C-H bond lengths [see the inset of Fig. 3(a)].
We shall show below that ionization is closely related to the
excitation from the inner o orbitals to the LUMOs.

Since the ionization contribution of 1, can be ignored
[47,49], we only consider the 20,, 30, and LUMOs (30,
and 40,). In Fig. 4, we present the time-dependent popula-
tion 73,,(¢) of the W3, (r, ) orbital, the projected population
P 30,(t) of the time-dependent wave function W3, (r,7) on
the two occupied orbitals (n = 20, + 30,) (solid green lines),
the two LUMOs (n=LUMUOs) (solid blue lines), and four o
orbitals (n = 20, + 30,+LUMOs) (dashed black lines) for
different Rcy with Rec fixed at 2.27 a.u. The projections of
the Wy, (1, t) on two occupied orbitals (n = 20y, + 30,), the
two LUMOs (n=LUMOs), and four o orbitals (n = 20, +
30,+LUMOs) are similar to those of the P, 3,,(7), which are
not shown here. For Rcy = 2.0 and 3.0 a.u., the components
of the 20, and 30y states in the W3, (r, ¢) orbital are dominant,
while the population of the LUMOs is little. As Rcy reaches to
3.0 and 4.0 a.u., the populations of the two LUMOs increase
significantly due to the decreasing of the energy gap between
the 30, and LUMOs (see Fig. 2). Additionally, the popula-
tions exhibit a strong oscillation at Rcy of 4.0 a.u., which
is caused by the strong coupling between the 30, orbital and
LUMOs. Comparing Figs. 4(a)-4(d) with Figs. 4(e)-4(h), we
can obtain the result that the decreased population of occupied
orbitals (20, and 30,) corresponds to the increased population
of the two LUMOs, so the electrons can be detached more
easily through the channels of LUMOs. As a consequence,
the ionization probability of 3o, electrons increases with the
stretching C-H bond lengths due to the decreasing orbital ion-
ization energy and the enhancement of the coupling between
the 30, orbital and the LUMOs.

Now let us turn to the distinct feature that the enhance-
ment of harmonic yield is not obvious when the C-H bond
length is stretched from 3.5 to 4.0 a.u. in Fig. 3(a). In order
to observe the change of harmonic intensity with Rcy more
intuitively, we calculate a smoothed harmonic spectrum where
the peak structure has been eliminated [18], Sgmooth(®) =
[ S(@)exp[—(@ — w)*/0*1d®, with o = 20wy. Then we in-
tegrate the intensity of plateau harmonics (from the 15th order
to the 51st order) in the smoothed spectrum under different
Rcy. In Fig. 5(a), the integral total Sgmeom (@) and the contri-
bution from the 20, and 30, orbitals with respect to the Rcy
are presented. It can be seen that the total harmonic inten-
sity is dominated by the 20, and 30, orbitals. Moreover, the
increase in the total harmonic intensity is insignificant when
Rcy changes from 3.5 to 4.0 a.u. In Fig. 5(b), we show the
ionization probability P;(f.,q) of different molecular orbitals
and the total ionization probability Py, (feng) With respect to
Rcy at the end of the laser pulse. It is found that the ionization
probability of the 20, and 30, electrons gradually exceeds that
of the 1, electrons with increasing Rcy. The total ionization
probability also increases with the C-H bond length stretched
and is close to 1.0 when the Rcy is 4.0 a.u. In the spirit of
the three-step model, the harmonic intensity is determined
by the ionization, propagating, and recombination processes.
Too high ionization probability of the electrons can lead to
the strong depletion of the ground-state population, which
will suppress the recombination process. In Fig. 5(c), we plot
the sum of the projections of the final state wave function
W34, (T, fend) [Wag, (T, fena )] On the 20, and 30, states and two
LUMOs for different Rcy. It can be seen that the populations
of W3, (I, fend) and Wy, (T, fena ) become very small for Rcy =
4.0 a.u., which suppresses the increase of the total harmonic
intensity in Fig. 5(a). Thus, the enhancement of harmonic
intensity through the stretched C-H bond length is a delicate
balance between the ionization probability and depletion of
ground states.
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FIG. 5. (a) The integral total plateau intensity and the contri-
bution from the 20, and 3o, orbitals of the smoothed spectrum
Ssmooth (@) for different Rcy (see text for the details). (b) Probabilities
of the electron ionized from the i orbital P;(¢.,q) and the total ion-
ization probability Py (fena) after the conclusion of the laser pulse
for different Rcy. (¢) The sum of the projections of the final state
wave function [i = W3, (I, fena) OF Wag, (T, fena)] ON the ground state
20y, 30, and the two LUMOs (n = 20, + 30,+LUMOs) for different
Rcy. The laser parameters are the same as those in Fig. 3. Here the
Rcc is fixed at 2.27 a.u.

Because the photon energy of the 800 nm laser pulse is
close to the energy gap between the 20, and 30, orbitals, the
near single-photon resonance between the two orbitals can
occur. In Fig. 6(a), we depict the projection P, 3,,(¢) of the
time-dependent wave function W3, (r, 1) on the field-free 20,
and 3o, orbitals for Rcy = 2.0 a.u., respectively. It is demon-
strated that the populations of 30, and 20, orbitals exhibit
a periodic Rabi oscillation. Furthermore, the instantaneous
dipoles of the 20, and 30, orbitals in Fig. 6(b) exhibit a
strong nonadiabatic behavior, where the electrons localize at
one side of the molecule for longer than a half optical cycle.
The transient electron localization breaks the symmetry of the
20, and 30, orbitals. As a result, the non-odd harmonics show
up in the harmonic spectra of 20, and 30, in Fig. 6(c). Similar
phenomena have been observed in the harmonic spectra of
H,* [54] and open-shell molecules [55] owing to the resonant
coupling of different orbitals. However, the sum dipole [see
Fig. 6(b)] of the 20, and 30, orbitals is an adiabatic response
to the field because of the destructive interference between
the time-varying dipoles of the two orbitals, which gives rise

> 4 -(b) 26, - 3o, 20,+30,
g 1.0 ~
=
s S
El [9)
S 05 5]
= B=]
=
IE [a)
0.0 ¢ I I | N I I | 1 1
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Harmonic order (units of ®,)

FIG. 6. (a) Projected population P,;(t) of the time-dependent 3o,
wave function [i = W3, (r, £)] on the field-free orbitals (n = 20, or
30,) of C;H, with Rcy = 2.0 a.u. (b) The time-dependent dipoles.
(c) The harmonic components of 20, and 30, for C,H, with Rcy =
2.0 a.u. and the coherent sum of these two orbitals. The laser field is
represented by the gray double-dot-dashed lines of (b) and the laser
parameters are the same as those in Fig. 3. The vertical gray lines of
(c) indicate the odd harmonics. Here the Rcc is fixed at 2.27 a.u.

to the disappearance of the non-odd harmonics in the sum
harmonic spectrum [see Fig. 6(c)].

Next we carry out the calculations that the C-C and C-H
bond lengths are stretched simultaneously. In our calculations,
the internuclear separations of (Rcy, Rec)=(2.0, 2.27), (2.5,
2.77), (3.0, 3.27), (3.25, 3.52), and (3.5, 3.77) a.u. are con-
sidered. Figure 7 shows the field-free orbital energies with
the internuclear distances of Rcy and Rcc stretched simul-
taneously. Comparing Fig. 7 with Fig. 2, we can see that
the orbital energy of 20, changes slowly with simultaneously
increasing Rcy and Rcc, and the energy difference between
30, and 30, is smaller than that of Fig. 2 at the larger Rcy.
Also, we perform the same calculations as in Fig. 5. As shown
in Fig. 8(a), the total harmonic intensity is dominated by the

Rec (au)
2.27 2.77 3.27 3.77
' IZGE—O'—zﬁu—IA—:’)Gg'—V—l?!Eu 36, - <- 4o, '
~ 0.0f----- < ---- - - - < --- - ==z c q----- q----- q----- <
=
& -02¢ - J
v
Eﬁ 04p —v—v—V v Z/ A—n—4
) A—
Pramaestee
+~ 08 p—
=
s 10 I . I . I . I .
2.0 2.5 3.0 35
Ren (au)

FIG. 7. The field-free orbital energies ¢;(r = 0) as a function of
internuclear distances (Rcy, Rcc) (see text for more details).
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FIG. 8. Same as Fig. 5, except for changing Rcc and Rcy simul-
taneously in the calculations (see text for more details).

contribution of the 3o, orbital with respect to the contribution
of the 20, orbital. The reason is that the orbital energy of
20, in Fig. 7 increases more slowly with the bonding lengths
stretched compared with that shown in Fig. 2, resulting in
a lower ionization probability than that of the 30, electrons
[see Fig. 8(b)]. Moreover, the total harmonic intensity also
reaches a plateau with the increase of Rcc and Rcy due to
the depletion of the ground-state population [see Fig. 8(c)].
Comparing Fig. 5(c) with Fig. 8(c), we see that the depletion
of the time-dependent 30, with simultaneously increasing Rcy
and Rcc is stronger than the case of only the C-H bond length
stretched while the C-C bond length remains fixed at the
equilibrium distance. This is because the former has a smaller
energy gap between 30, and 30, orbitals at larger bonding
length, as shown in Fig. 7.

In short, the intensity of the total harmonic spectrum is
enhanced with the increase of the C-H bond lengths, which
stems from the high ionization probability of the 20, and 30,
electrons due to their decreasing ionization energies and the
strong coupling through the channels of LUMOs. Moreover,
the enhancement in harmonic efficiency is limited by the
depletion of the ground-state population.

B. Two-color laser fields

Considering the importance of excitation on ionization as
shown in Fig. 4, we attempt to increase the harmonic in-
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FIG. 9. (a) The total harmonic spectra of the C,H, molecule with
Ren = 2.0 a.u. and Ree = 2.27 a.u. subjected to two-color fields as
shown in Eq. (11): w; is 0.7 a.u. corresponding to a wavelength of
65 nm and E; is 0.007 and 0.01 a.u., respectively. For comparison,
we also show the total harmonic spectrum of the C,;H, molecule with
Rcy = 2.0 in the monochromatic 800 nm laser field. The vertical
gray lines indicate the odd harmonics. The inset is the total time-
dependent ionization probability P (7). (b) Projected population
P,(t) of the time-dependent 30, wave function [i = W3,,(r, 7)] on
two LUMOs (n=LUMOs) in logarithmic scales.

tensity of the C,H; molecules with Rcg = 2.0 and 3.0 a.u.
with the fixed Rcc = 2.27 a.u. by introducing a two-color
field scheme, in which the frequency of the second field
corresponds to the energy gap between the 30, and 30, or-
bitals. Such a scheme has been applied in the atomic harmonic
spectra, in which the harmonic efficiency can be enhanced
by several orders of magnitude with an auxiliary XUV field
[56-62].
The two-color laser field is assumed to be written as

Etwo(t) = Emono(t) + Elf(t)cos(a)lt), (11)

where E; and w; indicate the peak field amplitude and fre-
quency of the XUV pulse, respectively. The polarization
direction of the XUV field is parallel to the monochromatic
field Eqono(t). The parameters of Epono(f) are fixed at 800 nm
wavelength and Ey = 0.07 a.u. For the XUV field, the w is
set to match the energy gap between 30, and 30,, i.e., @] =
0.7 a.u. (corresponding to 65 nm wavelength) at Rcy = 2.0
a.u. and w; = 0.55 a.u. (corresponding to 83 nm wavelength)
at Rcy = 3.0 a.u., respectively.
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FIG. 10. Same as Fig. 9, except for the C,H, molecule with
Recu = 3.0 a.u. subjected to two-color fields as shown in Eq. (11):
w; is 0.55 a.u., corresponding to a wavelength of 83 nm, and E| is
0.007 and 0.01 a.u., respectively.

Figure 9(a) shows the total harmonic spectra of C;H, with
Rcy = 2.0 a.u. and Ree = 2.27 a.u. under two-color fields
with E; = 0.007 and 0.01 a.u. corresponding to laser inten-
sities of 1.72 TW /cm? and 3.5 TW/cm?, respectively. It can
be seen that an obvious peak appears in the harmonic spectra
and the frequency (about 12.3wy, indicated by the arrow)
of the peak harmonic corresponds to the energy difference
between the 30, and 30, orbitals. Thus, the peak is attributed
to the resonance effect between the 30, and 30, orbitals in-
duced by the 65 nm XUV field and the distribution of the
remaining harmonics is symmetric around the peak [60,62].
Moreover, the whole harmonic spectra yields are enhanced
with the increase of XUV field intensity. To uncover this
enhancement mechanism, we plot the sum of the projected
population of W3, (r,7) on the two LUMOs in logarithmic
scales in Fig. 9(b). The projection of the Wy, (r, ¢) is similar
to the P, 34,(¢), so it is not shown here. From Fig. 9(b), we
can see that the populations of the two LUMOs increase with
the enhancement of the XUV field intensity. Therefore, the
increase of the populations of the two LUMOs induced by
the XUV field leads to the higher ionization [see the inset of
Fig. 9(a)], which gives rise to the enhancement of the HHG
emission.

Furthermore, we also show the case of Rcy = 3.0 a.u. in
Fig. 10. By comparing the spectrum of the monochromatic
field with the spectra of the two-color laser fields with differ-
ent XUV laser intensities, it can be seen that the variation of
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FIG. 11. Same as Fig. 9, except for the C,H, molecules with
Rcu = 2.32 a.u. subjected to two-color fields as shown in Eq. (11):
w; is 0.63 a.u., corresponding to a wavelength of 72 nm, and E; is
0.007 and 0.01 a.u., respectively.

the harmonic spectrum is not obvious except for the resonance
peak (about 9.6wy, indicated by the arrow) and some weak
peaks symmetrically distributed around the peak. The inset of
Fig. 10(a) shows the comparison of the ionization probability
of the monochromatic field with that of the two-color fields,
which indicates that the change of the ionization probability
is little considering the two-color field. Furthermore, we plot
the projections of W34, (r, ) on the two LUMOs in two-color
fields and a monochromatic field in Fig. 10(b), which also
shows that the changes of populations are not obvious at
different laser pulses. For Rcy = 3.0 a.u., the electrons of the
W3, (1, 1) orbital are more probable to be excited into the two
LUMOs in the monochromatic field due to the smaller energy
gap between the 30, orbital and the LUMOs with respect to
the case of Rcy = 2.0 a.u. As a result, in order to cause an
obvious increase of the efficiency of harmonic emission, a
more intense XUV laser intensity is necessary in the case of
RCH =3.0a.u.

In addition, it is worthwhile to mention that the frequencies
of the selected 65 or 83 nm XUV field and the 800 nm
infrared field are incommensurate, and the apparent effect of
the incoherence of the two light sources is seen in Figs. 9(a)
and 10(a) where the harmonic peaks are no longer purely
aligned with the odd multiple frequency of 800 nm under the
two-color field, so these harmonic peaks do not represent the
real harmonics of the infrared laser field. Moreover, such a
two-color field does not repeat each infrared field cycle, so the
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shape of the two-color laser pulse will depend on the actual
laser parameters in the experiment, such as the pulse duration.
For this reason, we have carried out additional calculations for
the XUV field with the odd multiple frequency of 800 nm. We
set the frequency of the XUV field to 11w, (corresponding to
72 nm wavelength), which matches the energy gap of 0.63 a.u.
between the 30, and 30, orbitals at Rey = 2.32 a.u., as shown
in Fig. 2. The harmonic spectra are shown in Fig. 11. It can
be seen that the odd harmonic peaks are very obvious in the
whole harmonic spectrum for the two-color field, and the en-
hancement of harmonic intensity in Fig. 11(a) stems from the
large ionization probabilities of C,H, molecules exposed to
two-color fields [see the inset of Fig. 11(a)], which is ascribed
to the strong coupling between the 30, and LUMOs induced
by the XUV fields in Fig. 11(b).

In Ref. [50], the authors have shown that the excitation
from 30, to 30, plays a crucial role in the HHG of C,H,
and the inner plateau intensity is increased by adding a vac-
uum ultraviolet pump pulse before the midinfrared pulse that
generates harmonics. Here, we provide another approach to
enhance the efficiency of harmonic emission based on our
results of two-color fields. It is worthwhile to mention that the
C,H, molecule with large C-H bond length can be achieved
experimentally by the following scheme. A laser pulse is first
adopted to pump the C,H, molecule to an excited state, and
then it begins to dissociate. When the C-H bond length is
stretched far enough, another laser pulse is applied to bring
the C,H, molecule back to the ground state.

IV. CONCLUSIONS

In summary, we have systematically investigated the
high harmonic generation of stretched C,H, molecules by
numerically solving the TDHF equations. It is found that
as the C-H bond lengths are stretched, the harmonic inten-
sity enhances significantly, which stems from the increased
ionization probability of the HOMO-1 (30,) and HOMO-2

(20,) orbitals due to their decreasing ionization energies and
the excitation channels of the LUMOs in the monochromatic
field. However, the enhancement in harmonic intensity will be
limited by the strong depletion of the ground-state population
at the large C-H bonding length, and the above phenomenon
also occurs when the C-H and C-C bonding lengths are
stretched simultaneously. In addition, the nonadiabatic effect
induced by the laser coupling among several orbitals leads
to the non-odd harmonics. In the scheme of two-color laser
fields, we investigate the modulation of the harmonic intensity
caused by the XUV field for C;H, for different C-H bonding
lengths with the C-C bonding length fixed at the equilibrium
distance. It is found that the excitation of 30, electrons into
the LUMOs induced by the XUV field can lead to the en-
hancement of the harmonic efficiency. Because the energy
gap between the 30, and the two LUMOs of Rcyg = 3.0 a.u.
is smaller than the case of Rcy = 2.0 a.u., a stronger XUV
field is necessary for the former in order to cause a more dra-
matic increase of harmonic intensity than the monochromatic
field. Our work indicates the important role of excitation from
occupied orbital to LUMOs in molecular harmonic spectra,
and introduces another approach to enhance the efficiency
of harmonic emission for polyatomic molecules exposed to
intense laser pulses.
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