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Molecular structural effects in below- and near-threshold harmonics in XUV-comb generation
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The below- and near-threshold harmonics generated by O2 molecules and Xe atoms have been investigated
experimentally by using an extreme-ultraviolet (XUV)-comb setup that is driven by an intense 1040-nm laser
field. It is found that the yields of the below- and near-threshold harmonics generated by O2 molecules show
a significant suppression when compared to Xe, although the two species have nearly identical ionization
potentials. Our theoretical analysis shows that the harmonic yield suppression is related to the two-center
interference effect of O2 and the tightly bounded orbital of the O atom. Our study provides useful information
for the XUV-comb technique when extending the working media from atoms to complex systems.
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I. INTRODUCTION

The extreme-ultraviolet (XUV) comb is a powerful tool
which has already demonstrated many applications and of-
fered new opportunities in the fields of precision spectroscopy
and ultrafast science [1]. For example, direct XUV frequency-
comb spectroscopy [2] has the potential to measure the atomic
transitions in the XUV region, such as the 1S-2S transition of
He at 120 nm [3,4], He+ at 61 nm [5,6], or Li+ at 40.7 nm [7].
These transitions provide the possibilities of stringent tests on
the quantum electrodynamics theory [6] and measurements
of the subtle variation of the fine-structure constant [8]. On
the other hand, a nuclear transition in the 229Th ion driven
by an XUV frequency comb gives a promising candidate of
an optical clock with an extraordinary stability [8–12]. In
the ultrafast realm, the high-repetition-rate XUV-frequency-
comb setup promotes time-resolved studies of dynamics in
molecular and solid-state systems on femtosecond and even
attosecond timescales [13–15].

A well-accepted way to generate the XUV comb is through
a nonlinear frequency conversion process, i.e., high-order
harmonic generation (HHG) [16,17], within the femtosecond
enhancement cavity (fsEC) [16–19]. HHG spectra have struc-
tural characteristics as follows. In the very beginning, the
harmonic yield drops exponentially with the increase of the
harmonic order due to the decreasing nonlinear susceptibility
[20]. Then, after the fast drop in the yields of the first few
orders, the HHG spectrum shows a long plateau, where the
harmonic yield changes little with the increase of the har-
monic order. Finally, this plateau is followed by a sharp cutoff
with the increase of the photon energy [21]. The generation
process for the harmonics above the atomic ionization poten-
tial Ip can be well understood by the semiclassical three-step
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model [22,23]. First, an electron is liberated from the parent
nucleus by the action of a driving field, and then it oscillates
quasifreely in the laser field and acquires additional kinetic
energy. And finally, it may have a small chance to return to
the parent ion and emit harmonic radiations. In the past few
decades, most strong-field studies of HHG have focused on
the above-threshold harmonic region (photon energy above
Ip). However, with the invention of the vacuum-ultraviolet and
extreme-ultraviolet frequency combs, study of the below- or
near-threshold harmonics becomes more and more important
[24], not only because the below- or near-threshold harmonics
are usually located before the plateau region, and thus the
conversion efficiency is relatively high, but also because these
harmonics can help us to understand the complex ionization
mechanism of tunnel ionization and multiphoton ionization
[25,26] and shed light on the electron dynamics of the bound
electron [27–29]. For example, an XUV comb with a gen-
erated power of ∼2 mW using near-threshold harmonics at
the 11th order, i.e., ∼97 nm, has been achieved with a He:Xe
gas mixture [30]. This is so far the highest generated power
reported for a comb in the XUV region. On the other hand,
Yost et al. [24] observed the quantum path interference within
the below- or near-threshold harmonics, and the two dominant
paths could be designated as the short trajectories and the long
trajectories. The short trajectories indicate a multiphoton ex-
citation and recombination process while the long trajectories
can be described by the inclusion of the Coulomb potential in
the simple man’s model.

Recently, researchers have extended the XUV-comb tech-
nology from atomic HHG to molecular HHG [13,31]. By
using the aligned N2O molecule, Benko et al. [13] found that
the XUV-comb yields with aligned molecules show a nearly
50% enhancement compared with the yields with unaligned
molecules. Meanwhile, they investigated the modulation of
the molecular alignment effect on the phase of the XUV fre-
quency comb. Later, Zhang et al. observed an obvious spectral
broadening of the driving field [31] when O2 was used as
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the interaction media in the fsEC during the HHG process.
This spectral broadening was due to the impulsive stimulated
Raman excitation of the rotational states of O2. These studies
show that molecules provide additional degrees of freedom to
be manipulated compared to atoms, and controlling over some
of these parameters can be beneficial to XUV-comb-related
studies and even XUV-comb generation itself (e.g., oriented
molecules can be used to generate even-order harmonics [32]
and thus have the potential to broaden the spectra of the
current XUV-comb setup). On the other hand, these studies
also raise the question of how molecular effects, such as the
structural effect, affect the detailed dynamics of XUV comb
generation. Although molecular HHG have been studied ex-
tensively [33–42] and some physical effects relevant to the
molecular structure, such as the two-center interference ef-
fect, on the harmonic yields in the plateau region have been
observed [40,41], how the structural effects manipulate the
dynamics of the below- and near-threshold harmonics, which
are important in XUV-comb generation and control, have not
been addressed yet.

In this paper, we perform a comparison study of the
below- and near-threshold harmonics that are generated by
O2 molecules and Xe atoms by using an XUV-comb setup.
We find that those harmonics generated by O2 show a sig-
nificant suppression, not only in the plateau region but also
in the below- and near-threshold harmonics. We theoretically
reproduce the experimental results and analyze the underly-
ing physical mechanism by using a modified semiclassical
method. In this method, the atomic potential is included in
both the initial ionization processes and the subsequent con-
tinuum dynamics, so that part of the below- or near-threshold
harmonic generation process can be understood in terms of
semiclassical dynamics. Our analysis shows that the suppres-
sion of the below- or near- threshold harmonic yield of O2

compared to that of Xe could be attributed to the different
structures of them. The destructive interference effect from the
two atomic centers of O2, together with the different atomic
orbital effect, accounts for the peculiar suppression of the
below- or near-threshold harmonic yield of O2.

This paper is organized as follows. In Sec. II, we show our
experimental setup, and in Sec. III, we give a brief descrip-
tion of our theoretical model, i.e., the modified semiclassical
method. Then in Sec. IV, we discuss the experimental results
and the theoretical interpretations. Finally, in Sec. V our con-
clusions are given.

II. EXPERIMENTAL SETUP

As schematically shown in Fig. 1, our experiment employs
a 100-MHz repetition rate Yb-doped fiber frequency comb
(Active Fiber systems) with a maximum output pulse energy
of 1 μJ, spectrally centered at 1040 nm, to coherently seed
a fsEC. The pump laser could be enhanced by tens or hun-
dreds of times in the fsEC, and the details of our fsEC have
been described in Refs. [31,43,44]. When the pump power is
24 W, an average power of 4.5 kW can be obtained inside
the cavity, and the corresponding buildup is 188. The pulse
duration is measured to be ∼330 fs by a frequency-resolved
optical gating. With a focus radius of 8 μm (vertical) × 16
μm (horizontal), a peak intensity of 3.3 × 1013 W/cm2 is

FIG. 1. Schematic view of our experimental setup. PZT, piezo
transducer; IC, input coupler; PD, photodiode; NaS plate, sodium
salicylate plate; MA–MF, mirror A to mirror F.

reached at the focus. A quartz gas nozzle with a diameter
of 150 μm, positioned near the cavity focus, is used to in-
ject the gas medium (pure Xe or O2) into the cavity. It is
installed on a three-dimensional translation stage with the aim
to precisely optimize the harmonic signal. After interacting
with the gas, the beam impinges on the grating mirror (GM)
under a 70◦ grazing-incidence angle. The GM is a multilayer
dielectric stack mirror with a diffraction nanograting (a period
of 420 nm, a step height of 40 nm, and a duty cycle of 40%)
etched on the top layer. With this design, the GM could couple
the harmonics out of the cavity and maintain the high reflectiv-
ity for the fundamental light. A sodium salicylate plate is used
to image the profiles of the harmonics that are out coupled
from the cavity.

III. THEORETICAL METHODS

In order to understand the below- and near-threshold har-
monics observed in the experiment, we develop a modified
semiclassical theoretical model, based on the generalized
semiclassical model [26] and the Lewenstein model [45]. In
the generalized semiclassical model [26,46], the amplitude
of the qth harmonic is written as the superposition of the
contributions of different kinds of quantum orbits,

Tq ∼
∑

j

a j exp
(
iS j

q

)
, (1)

where a j and S j
q represent the amplitude and the phase of the

jth trajectory, respectively. For convenience, we consider a
one-dimensional model, and specifically, the phase S j

q is given
by

S j
q = −1

2

∫ tr j

t0 j

{
[v(t ′)]

2
− E (t ′)x(t ′) − V (x)

}
dt ′

− Ip(tr j − t0 j ) + qωtr j, (2)

where V (x) is the Coulomb potential, Ip is the ionization
potential, E (t ) is the electric field of the laser pulse, and t0 j

and tr j are the ionization time and the return time of the jth
trajectory, respectively. In our work, the Coulomb potential of
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the Xe atom is given by [26]

Va(x) = − 1√
x2 + (

1
U0

)2
, (3)

with U0 = 0.063, and the Coulomb potential of O2 is [47]

V (x) = −
2∑

i=1

Z∞ + (Z0 − Z∞) exp
(−|x−Ri|2

b2

)
√

|x − Ri|2 + a2
, (4)

where Ri represents the position of each atomic center and
Z∞ = 0.5, a = 1.0, and b = 0.771 to match the ionizing
energy of the 1πg orbital of O2. The quantum orbits are ob-
tained by solving the Newton equations of motion, with the

initial position x(t0) = Ip+
√

I2
p−4|E (t0 )|

2|E (t0 )| and the initial velocity
v(t0) = 0 [26]. In practice, we vary the tunneling time t0 to
obtain a large number of trajectories. Those trajectories with
the return energy of qω correspond to the generation of the qth
harmonic. Our result shows that, for each harmonic, there are
usually two trajectories with travel time less than 1.1 optical
cycles. Other trajectories with longer travel time are neglected
in our simulation due to the propagation effect. In addition,
to compare with the measurement, a monochromatic laser
electric field of E (t ) = E0 cos(ωt ) is used in our simulation
and we assume that the harmonic emission is the same in each
optical cycle, which is different from the calculation of the
HHG with a few-cycle laser pulse [48].

In order to consider the quantum effect during the tunnel-
ing ionization and the recombination processes, we modify
the generalized semiclassical model by considering the com-
plex tunneling time and the complex return time based on
the Lewenstein model [45,49]. In the Lewenstein model [45],
the complex tunneling time t0 + it0i satisfies the following
conditions [49]:

[p0 + A(t0 + it0i )]
2 = −2Ip, (5a)

p0 + A(t0) = v0. (5b)

The first equation denotes the energy conservation during the
tunneling, and the second one is the velocity at the tunneling
exit. After solving these two equations, we can obtain the
imaginary part of the tunneling time t0i. Similarly, for the
recombination process, the imaginary part of the return time
tri is obtained by solving the following equations:

[pr + A(tr + itri )]
2 = 2(qω − Ip), (6a)

pr + A(tr ) = vr . (6b)

The first equation also denotes the energy conservation
during the photoemission and the second one is the return ve-
locity of the electron at the real time tr . By using the complex
tunneling time and the complex return time, the second and
third terms on the right-hand side of Eq. (2) are updated in
our theoretical method.

On the other hand, the intensity aj in Eq. (1) is given by
[45]

a j = dion( p̃(t0 j ))d∗
rec( p̃(tr j )), (7)

where j = 1 and 2, dion( p̃(t0)) = 〈p̃(t0)|Hint (t0)|ψ0〉 denotes
the ionization of the electron from a field-free bound state

FIG. 2. Image of the experimentally observed high-order har-
monics fluorescing on a sodium salicylate plate of (a) Xe and (b) O2,
respectively. The intensity of the laser field is about 3.3 × 1013

W/cm2. (c) The spectra of the out coupled high-order harmonic
radiation of Xe and O2 obtained from the images of the fluorescent
plate. The order of each harmonic is also marked.

|ψ0〉 to a Volkov state | p̃(t0)〉, and drec( p̃(tr )) = 〈p̃(tr )|x|ψ0〉
represents the recombination of the ionized electron. In the
velocity gauge, p̃(t ) = p and Hint (t0) = [p0 + A(t )]2/2 [50],
where p is the canonical momentum of the electron at the time
t . In this work, the initial bound states ψ0 of Xe and O2 are
written as the linear combination of atomic orbitals [42,51–
53] and the corresponding coefficients are extracted from the
GAUSSIAN 09 quantum chemistry code [54].

IV. RESULTS AND DISCUSSIONS

In Fig. 2(a), we show the recorded image of the HHG on
the fluorescent plate for Xe. The intensity of the laser field is
estimated to be 3.3 × 1013 W/cm2. The background pressure
is set to be ∼0.1 atm to avoid power fluctuation in the fsEC [2]
that is induced by steady-state plasma [30,55]. The discrete
spots on the fluorescent screen represent different harmonic
orders and harmonics from the 5th to the 15th can be directly
observed on the fluorescent plate under the current exper-
imental conditions. We perform the same measurement for
O2 under identical experimental conditions. However, we find
that the harmonic signal is rather weak and it is hard to observe
with a camera. Thus, we increase its background pressure to
∼0.5 atm and the results are shown in Fig. 2(b). The 5th and
7th harmonics can be directly observed while others are still
beyond the detection threshold of the fluorescent plate. We
integrate each two-dimensional image along the vertical direc-
tion to obtain a one-dimensional spectrum. After wavelength
calibration, we can obtain the harmonic spectra of Xe and O2

and they are shown in Fig. 2(c). It is clear that the harmonic
yields of the 5th to 15th orders for O2 all show a significant
suppression compared to that of Xe. It is noteworthy that the
ionization energies of Xe and O2 are 12.13 and 12.07 eV,
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FIG. 3. Harmonic yields as a function of harmonic order for
Xe and O2, respectively, calculated with the modified semiclassical
method. The laser wavelength is 1040 nm and the peak intensity
is 3.3 × 1013 W/cm2. For comparison with the experimental result,
the alignment average of the molecular axis is considered in our
simulation.

respectively, which coincide with 10.1 and 10.2 harmonic
order. Therefore, our experimental results indicate that the
suppression of harmonic yield not only exists in the plateau
region but also appears in the below- and near-threshold
harmonic regions. The suppression of harmonic yield in the
plateau region has been studied by several groups [53,56,57]
and has been well understood by the two-atomic-center in-
terference effect on strong-field tunnel ionization of the O2

molecule in the frame of the Ammosov-Delone-Krainov
model and the Lewenstein model [56–58]. However, because
the underlying physics for the near- and below-threshold har-
monics is still unclear, less attention has been paid to this
energy region. In this paper, the suppression of the near - and
below - threshold harmonic yields are reported and the un-
derlying physics are revealed with our modified semiclassical
method.

In order to explore the underlying mechanisms for the
suppression of the below- and near-threshold harmonic yields
of O2 compared to that of Xe, we simulate the HHG spectra by
using our modified semiclassical method. In our experiment,
O2 molecules are randomly oriented. Thus, we calculate all
the molecular alignment angles from 0◦ to 180◦ and then take
the average results in the simulation for a better comparison.
Figure 3 shows the simulated HHG spectra of Xe and O2 using
the same laser parameters as adopted in the experiment. It is
found that the harmonic yield of O2 in all the energy regions
is much lower than that of Xe, which is qualitatively well
consistent with the experimental data. In the following, we try
to understand the underlying mechanism of the suppression of
the below- and near-threshold harmonics in O2.

First of all, we analyze the harmonic amplitude of trajecto-
ries in terms of the modified semiclassical method. According
to Eq. (1), the harmonic amplitude of each trajectory contains
two terms: the amplitude term aj and the phase-dependent
term exp (iS j

q ). In Fig. 4, we present the absolute values of
exp (iS j

q ) and a j as a function of the harmonic order for the
two trajectories of O2 and Xe, respectively. Note that the

FIG. 4. Absolute value of exp (iS j
q ) and aj of each trajectory for

O2 and Xe, respectively. Panels (a) and (b) are for exp (iS j
q ); panels

(c) and (d) are for aj . The left column is for the first trajectory; the
right column is for the second trajectory.

contribution of the second trajectory for the 15th harmonic
is not presented, because its cutoff position is approximately
at q = 14 harmonic [26]. Our simulation clearly shows that
the values of exp (iS j

q ) of O2 and its companion atom Xe are
approximately the same for each trajectory. The reason is that
the phase is closely relevant to the electron trajectory, which
is less dependent on the atomic and molecular structures,
especially for the electron with higher energy. On the other
hand, the values of a j for O2 are much lower than those for
Xe. Therefore, our analysis clearly shows that the suppression
of harmonic yield for O2 is mainly ascribed to the decrease of
the amplitude a j for O2.

Second, we further reveal the underlying physics of the
decrease of the amplitude a j for O2. According to Eq. (7),
the amplitude of a j is given by a j = dion( p̃(t0 j ))d∗

rec( p̃(tr j )),
where dion( p̃(t0 j )) = 〈p̃(t0 j )|Hint (t0 j )|ψ0〉 and drec( p̃(tr j )) =
〈p̃(tr j )|x|ψ0〉. Thus, the pronounced distinctions of the
amplitude a j between Xe and O2 are ascribed to the dif-
ferent initial wave functions of Xe and O2. After some
algebra, we find that, for O2, dion( p̃ j (t0 j )) = −i[p0 j +
A(t0 j )]2 sin (p0 j

R
2 cos θ )

∑
α Cαψα ( p̃(t0 j )) and d∗

rec( p̃(tr j )) =
−2 sin (pr j

R
2 cos θ )

∑
α Cα∂p̃ψα ( p̃(tr j )) [50], where Cα is the

coefficient extracted from the GAUSSIAN 09 quantum chem-
istry code [54], R is the internuclear distance, θ is the angle
between the molecular axis and the laser polarization, and
ψα ( p̃) is the atomic wave function in momentum space.
In comparison with the Xe atom, there are two additional
terms, sin (p0

R
2 cos θ ) in dion and sin (pr

R
2 cos θ ) in drec, which

are both from the two-center interference of the diatomic
molecule of O2 [50,51,59–61]. Next, we study the influ-
ence of the two-center interference terms [sin (p0

R
2 cos θ ) and

sin (pr
R
2 cos θ )] and the atomic wave function ψα ( p̃) on the

amplitude a j , respectively.
In Figs. 5(a) and 5(b), we show the values of |a j | for

O2 with and without considering the two-center interference
terms for the two trajectories, respectively. It clearly shows
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FIG. 5. The value of |aj | as a function of the harmonic order for
O2 with (blue diamond) and without (red dot) considering the two-
center interference terms for (a) the first trajectory and (b) the second
trajectory. The values of |aj | but without the two-center interference
terms as a function of the harmonic order for the xenon atom with
the orbital 5pz and the oxygen atom with the orbital 2px for (c) the
first trajectory and (d) the second trajectory.

that, after considering the sine terms, the value of |aj | de-
creases greatly for both trajectories, which is due to the small
canonical momentums p0 and pr of the electron trajectories
[50] and thus small values of two-center interference terms
sin (p0

R
2 cos θ ) and sin (p j

R
2 cos θ ). On the other hand, we

present in Figs. 5(c) and 5(d) the values of |a j | but without
the two-center interference terms for the Xe atom and the O
atom with j = 1 and 2, respectively. It is found that this value
for the oxygen atom also shows a significant suppression
compared to the xenon atom for both trajectories. The possible
reason is that the electron of the O atom in 2p orbital is bound

tighter than that of the Xe atom in the 5p orbital, leading to
the decrease of the tunneling ionization rate in the strong laser
field. Similar results can be also found in Ref. [59]. Therefore,
our results show that, due to the two-center interference effect
and the tightly bounded orbital of the O atom, the below- and
near-threshold harmonic yields of O2 are greatly suppressed
in comparison with Xe.

V. CONCLUSION

In conclusion, we have experimentally found a suppression
of below- and near-threshold harmonic yields of O2 compared
to its companion atom Xe during the generation of an XUV
comb. The experimental results can be well reproduced by a
modified semiclassical method. Our analysis shows that the
specific atomic or molecular structure, which is inherently
included in the initial wave function of our theory, plays an
essential role in the harmonic generation process. Moreover,
we found that the two-center interference effect of the O2

molecule, together with the tightly bounded orbital of the
O atom, accounts for the suppression of below- and near-
threshold harmonic yields of O2 compared to its companion
atom Xe. Our study provides useful information for the XUV-
comb technique when extending the working media from
atoms to complex systems.
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