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We present the coherent enhancement of the frequency comb via high-order harmonic generation (HHG)
in a train of infrared laser pulses combined with terahertz (THz) laser fields. The HHG spectra are obtained by
solving the three-dimensional time-dependent Schrödinger equation by means of the time-dependent generalized
pseudospectral method. We find that the structure of the frequency comb via HHG becomes much smoother and
more regular, and the yield of the comb is increased by nearly two orders of magnitude. By analyzing the
phase coherence of HHG spectra, we demonstrate that the THz laser fields are responsible for the optimization
of the structure and yield of the frequency comb since the constructive phase coherence of the HHG spectra
is modulated by the THz field. The physical origin of the constructive phase coherence is thanks to the
uniform ionization efficiency induced by the THz laser field for each laser pulse, which greatly improves the
synchronization of the harmonic emission. Our finding provides a promising method for the enhancement of
the frequency comb via HHG.
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I. INTRODUCTION

The optical frequency comb (OFC) is a kind of mode-
locked pulse laser with completely locked repetition rate and
phase, which has ultrahigh spatial, temporal, and frequency
resolution [1]. These advantages of the OFC underlie the
various applications in the fields of precision spectroscopy
[2,3] and frequency measurement [4,5], such as linking optical
and microwave regimes to achieve high-precision measure-
ment of optical frequency [6–8], coherent optical storage [9],
biomedical-field applications [10], and wavelength calibration
of an astronomical telescope [11]. The OFC can usually be
generated by mode-locked laser generation [12,13], the Kerr
microcavity [14], electro-optic modulators [15], etc. In 2005,
Gohle et al. [16] and Jones et al. [17] almost simultaneously
pioneered the production of a coherent extreme ultraviolet
(XUV) frequency comb by high-order harmonic generation
(HHG) from ultrashort femtosecond laser pulses by using
the femtosecond enhancement cavity. HHG is widely used
as a technique for the production of XUV and vacuum ultra-
violet (VUV) radiation, which can be obtained through the
interaction of an ultrafast intense laser field with atoms and
molecules [18,19]. A typical HHG spectrum shows a rapid
drop at the first few harmonics, and then a plateau with a
similar harmonic amplitude appears, followed by the cutoff
harmonics with a sharp decrease in harmonic intensity. The
semiclassical three-step model [20] can be used to well un-
derstand the process of HHG: the bound electrons are first
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released by ionization and accelerated in the applied laser
field; then the electron can be driven back towards the parent
ions to recombine into the ground state to emit the harmonic
photons.

Recently, Yost et al. [21] suggested a method to generate
a frequency comb via HHG below the ionization threshold
in the VUV region, which has very attractive application
prospects, such as probing electronic dynamics [22], elec-
tronic transitions in molecules [23], and the next-generation
optical clock [24]. Kandula et al. [25] demonstrated the gen-
eration of a frequency comb in the XUV region and performed
the first absolute frequency determination. Carrera et al. [26]
explored in detail how the number of pulses and the laser
intensity affect the frequency-comb structure generated via
HHG. More recently, we reported [27] the characteristics of
the structure and coherence of a frequency comb from HHG
driven by laser-pulse trains when the Keldysh multiphoton
ionization proceeds towards the tunneling regime. However,
the way to improve the conversion efficiency of the frequency
comb in the XUV band and optimize the comb structure is
still an open problem. It is worth noting that terahertz (THz)
pulses provide a promising way to modulate HHG combs
[28–31]. THz laser pulses can be realized experimentally by
optical rectification of femtosecond laser pulses [32], a photo-
conductive antenna [33], nonlinear optical mixing technology
[34], and so on. Among them, THz pulses in the midinfrared
region can be efficiently generated via difference-frequency
mixing, such as two parametrically amplified pulse trains from
a white-light seed.

In this work, we present the enhancement and optimization
of a frequency comb via HHG by adding a series of THz
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pulses to femtosecond infrared (IR) laser fields. The HHG
spectra are calculated by propagating the time-dependent
Schrödinger equation (TDSE) accurately and efficiently us-
ing the time-dependent generalized pseudospectral (TDGPS)
method [35]. We find that the efficiency of the frequency comb
is improved thanks to the THz controlling laser pulses, and
the comb structures become more regular. The prospect of
our scheme provides a method for producing XUV frequency
combs that satisfy the high conversion efficiency, the regular
comb structure, and the broad bandwidth.

This paper is organized as follows. In Sec. II, we briefly de-
scribe our theoretical and computational methods. In Sec. III,
the coherence of the frequency comb via HHG and how the
THz field modulates the physical mechanism of the frequency
comb are discussed. Section IV contains concluding remarks.

II. THEORETICAL METHOD

HHG can be calculated by solving the TDSE, and the
TDSE can be written in the dipole approximation and length
gauge as (in atomic units)

i
∂

∂t
ψ (r, t ) = Hψ (r, t ) = [H0 + V (r, t )]ψ (r, t ), (1)

where H0 is the unperturbed Hamiltonian of the hydrogen
atom and V (r, t ) is the time-dependent atom-field interaction,
which can be expressed as

V (r, t ) = −E(t) · r = −zE (t ), (2)

where E (t ) is composed of two pulse train as follows:

E (t ) = EI (t ) + ET (t ), (3)

where EI (t ) and ET (t ) are an IR pulse train and a THz pulse
train, respectively. The fields EI (t ) and ET (t ) are expressed as
follows:

EI (t ) =
N∑

n=1

EI fI (t − nτ )exp[i(ωI t − nωIτ + n�φ)], (4)

ET (t ) =
N∑

n=1

ET fT (t − nτ )exp[i(ωT t − nωT τ + n�φ)], (5)

where EI , ET , ωI , and ωT are the corresponding laser-field
electric peak amplitudes and carrier frequencies of the IR train
and the THz controlling train, respectively. N is the number
of pulses. The pulse-to-pulse phase shift is given by �φ, and
fI (t − nτ ) and fT (t − nτ ) are Gaussian envelope functions
and can be expressed as f (x) = exp[−2(ln2)x2/τ0

2], where
τ0 is the full width at half maximum (FWHM).

The propagation of the TDSE is performed accurately
and efficiently by means of the TDGPS method in spheri-
cal coordinates. The TDGPS method takes advantage of the
generalized pseudospectral technique for optimal spatial dis-
cretization of the radial coordinates in order to avoid the
Coulomb singularity and maintain the long-range nature of
the potential. This method makes the grid points in the near
nuclear region denser and the grid points far from the nu-
clear region relatively sparser and can be computationally
more efficient than using equal-spacing grid discretization.

For atomic structure calculations, generally, the space trun-
cates the semi-infinite (0,∞) domain into a finite domain
[rmin, rmax]. So an absorber is used to filter out the wave
packet reaching the outward boundary to avoid artificial re-
flection. We map the semi-infinite domain [0, rmax] to the
finite domain [−1, 1] using a nonlinear mapping according
to Ref. [35], where rmax = 200 a.u. and 1600 grid points are
used to discretize x using the Legendre pseudospectral tech-
nique. An absorber in the form of the exponential-decay form
1/[1 − exp(br − r0)] is used. Typically, we use b = 1.25 a.u.
and r0 = 100 a.u. The time propagation of the wave function
is obtained with the second-order split-operator method in the
energy representation [35]:

ψ (r, t + �t ) � exp

(
−iH0

�t

2

)

× exp

[
−iV

(
r, t + �t

2

)
�t

]

× exp

(
−iH0

�t

2

)
ψ (r, t ) + O(�t3). (6)

Once the time-dependent wave function ψ (r, t ) is determined,
we can calculate the time-dependent induced dipole moment
in the length and acceleration forms as

d (t ) = 〈ψ (r, t )|z|ψ (r, t )〉, (7)

dA(t ) = 〈ψ (r, t )| − z

r3
+ E (t )|ψ (r, t )〉. (8)

The HHG intensity spectra can be obtained by the Fourier
transformation from the induced dipole moment in acceler-
ation form:

S(ω) = 4ω4

6πc3
|d̃ (ω)|2. (9)

Here d̃ (ω) is the Fourier transform of dA(t ) divided by the
number of pulses N to scale to the one-pulse case,

d̃ (ω) = 1

Nω2

∫ ∞

−∞
dA(t )e−iωt dt = 1

N

N∑
n=1

d̃n(ω), (10)

and d̃n(ω) is the spectral dipole moment calculated by the
nth dipole pulse. The spectral phase θn(ω) is defined as the
harmonic spectral phase of d̃n(ω):

d̃n(ω) = |d̃n(ω)|eiθn(ω). (11)

III. RESULTS AND DISCUSSION

In Fig. 1, the combined laser field composed of five succes-
sive IR laser pulses and a THz laser-pulse train is represented.
For an intuitive representation, the few-cycle laser-pulse train
is shown in Fig. 1, with the truncated part being the omitted
time range; the laser-field parameters used are as follows: the
IR laser train with laser wavelength λI = 800 nm and the
peak intensity II = 4.0 × 1013 W/cm2 are used, with a 10-fs
FWHM, and the time separation between adjacent pulses is
τ = 0.5 ps. The THz laser pulses are generally in the spectral
range between 0.3 and 30 THz [28]. Since the THz wave-
length is shorter in the midinfrared region, higher peak field
intensity (which is larger than 100 MV/cm) can be achieved
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FIG. 1. The schematic of a combined laser field consisting of an
IR laser-pulse train and a THz laser train is represented by the green
solid line. The purple line with points and blue dotted line indicate
the IR laser pulses and the THz train, respectively. The pulse train
adopted in the calculation consists of five pulses with time separation
τ = 0.5 ps between adjacent pulses.

by tighter focusing [36,37]. The THz laser pulses with a
25-THz center frequency (λT = 12 000 nm) and peak inten-
sity IT = 2.5 × 1012 W/cm2, i.e., the peak amplitude ET =
EI/4 = 0.00844 a.u., corresponds to 43 MV/cm, with a 40-fs

FWHM; the other parameters used are the same as those for
the IR laser field. It is convenient to set conduction-electron
polarization �φ = 0 for the analysis of the effect of the THz
field on the frequency-comb structure. It can be seen that
the amplitude of the combined laser field is greatly increased
compared with the original IR laser field, and the magnitude
of the positive and negative components of the combined field
has an obvious asymmetry due to the modulation of the THz
laser pulses.

In Fig. 2, we compare the HHG spectra driven by the IR
laser-pulse train alone and the combined laser-pulse train.
The other laser parameters used are the same as those in
Fig. 1. The purple line with points and the green solid line
indicate the HHG spectra for the case of the IR laser field
alone and the case of combined laser pulses, respectively, as
shown in Fig. 2(a). We find that the yield of HHG spectra
is significantly increased at below-threshold harmonics by
adding a THz pulse train. In particular, the yield of HHG
between the third-order harmonic and the fifth-order har-
monics is increased by nearly two orders of magnitude. In
addition, only the odd harmonics are produced for the case
of the IR laser-pulse train, while even harmonics exist in the
HHG spectrum driven by the combined laser train. For the

FIG. 2. (a) Comparison of the HHG spectra between the IR laser pulses alone and the combined laser-pulse train. (b)–(e) are the zoomed-in
view ports of nest comb structures at below-threshold and plateau harmonics in (a), which are in the vicinity of the (b) 5th, (c) 7th, (d) 9th, and
(e) 10th harmonics. The IR laser pulses have an 800-nm laser wavelength, and the peak intensity is II = 4.0 × 1013 W/cm2. The THz pulses
used are a 25-THz train with peak intensity IT = 2.5 × 1012 W/cm2.
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single-atom system, assuming that the laser field is symmetric,
only harmonic peaks at odd multiples of the laser frequency
will appear in the spectra of HHG radiation. This is due to
the fact that in a symmetric periodic laser field, the ionization,
acceleration, and recombination of electrons and the emission
of high-order harmonics at frequency ω occur every half laser
cycle. As mentioned above, the addition of THz field greatly
breaks the symmetry of the positive and negative components
of the laser field, thus inducing the generation of even har-
monics. To observe the fine structure of the frequency comb,
we select the HHG spectra which are located at the given
below-threshold and plateau harmonics and zoom in on these
spectral structures, as shown in Figs. 2(b)–2(e). Figure 2(b)
shows the frequency-comb structures in the vicinity of the
fifth harmonic order driven by IR laser pulses and the com-
bined laser train in detail. The lower odd-order frequency
combs show almost the same intensity of the main peaks, both
with three subpeaks but slightly different subpeak structures.
According to previous studies [26,38], through the fully ab
initio quantum investigation, as long as the number of pulses
N > 2, the frequency-comb structure within each harmonic
can be clearly seen. As the number of pulses N increases,
the spectral width of each main-peak comb structure gradually
narrows, and the number of nested subpeaks increases, with a
dependence of N − 2 on the number of pulses. The frequency-
comb subpeaks near the fifth order generated by the IR field
alone show a structure with decreasing intensity. However, the
frequency-comb peaks formed by the combined field show a
structure that is low in the middle and high on either side.
Figures 2(c) and 2(d) show detailed structure comparisons of
odd-order harmonics located at below-threshold and plateau
harmonics. It can be seen that the intensity of the nested comb
is slightly enhanced when a THz field is added to the IR
laser-pulse trains, and the structure with two high subpeaks
and one low subpeak becomes more regular compared with
the case of the IR field alone. In Fig. 2(e), the yield of the HHG
comb is also increased by nearly two orders of magnitude, and
the comb structure becomes more regular and clear compared
with the case of the IR field alone, which is particularly similar
to the odd harmonic structure shown in Fig. 2(d). To sum up,
the frequency-comb structure driven by the IR-THz combined
laser field in below-threshold and plateau harmonics, either
the main peaks or subpeaks, is very smooth and regular. The
number of subpeaks is N − 2 regardless of the odd or even
orders. In addition, the yield of some harmonics is increased
by nearly two orders of magnitude.

To understand the origin of frequency-comb generation via
HHG, especially the influence of the THz laser train on the
structure of the frequency comb, we analyze the frequency
spectral phase of the induced dipole moment, which can be
calculated using Eq. (11). The equally spaced discrete of
frequency comb generated via HHG are essentially caused
by constructive quantum interference resulting from a phase-
locked induced dipole moment [38]. In order to observe the
coherent structure of the harmonic phases more precisely,
we select four sets of frequency-comb structures around the
fifth harmonic (5H) and the ninth harmonics (9H) for the
exploration of the coherence; these harmonics are located at
low order and in the plateau region, respectively. Figures 3(a)
and 3(b) show a comparison of the comb structure and spectral

FIG. 3. Spectral phases for the vicinity of the fifth harmonic
(5H) located in the below-threshold region in the case of (a) an
IR laser-pulse train alone and (b) an IR-THz combined laser-pulse
train. The red solid lines represent the harmonic phases for the first
pulse (n = 1), the green dotted lines are for n = 2, the blue dashed
lines are for n = 3, the yellow dash-dotted lines are for n = 4, and
the violet short-dashed lines are for n = 5. Large red-filled circles
indicate complete intersections of all five phases, and small circles
indicate partial intersections. The laser parameters used are the same
as those in Fig. 1.

phases calculated from the induced dipole moments at 5H
for the IR laser train and the IR-THz combined laser field,
respectively. The red solid lines represent phases for the first
dipole pulse (n = 1), the green dotted lines are for n = 2,
the blue dashed lines are for n = 3, the yellow dash-dotted
lines are for n = 4, and the violet short-dashed lines are for
n = 5. The large red-filled circles represent all five phases
intersecting completely; the harmonic phases are fully co-
herent. Small circles indicate partial intersections: the blue-,
green-, and yellow-filled circles represent the coherence of
four, three, and two dipole phases, respectively. The used laser
parameters are the same as in Fig. 1. It can be seen that in
Fig. 3(a), in the case of the IR field alone, although the comb
structure near fifth order is relatively clear, the five spectral
phases at the main peak are not fully coherent, so the overall
comb-structure regularity is affected. Note that the intensities
of the adjacent main peaks in Fig. 3(a) have a slight difference
between the complete phase coherence and the quasiphase
coherence. However, in Fig. 3(b), by adding a THz laser field,
the phase coherence of the main peaks and subpeaks of the
frequency comb show good regularity, which is one of the
key reasons for improving the coherent synchronization of
spectral phases, thus greatly modulating the regularity of the
nested frequency-comb structure. Figures 4(a) and 4(b) show
a comparison of the structure and spectral phase of the comb
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FIG. 4. Spectral phases in the case of (a) an IR laser-pulse train
alone and (b) an IR-THz combined laser-pulse train located near the
ninth harmonic (9H) of the plateau region. The large red-filled circles
indicate that all five phases intersect completely. The other details are
consistent with Fig. 3.

at 9H located in the plateau region of the IR laser train and the
IR-THz combined laser field, respectively. Figure 4 presents a
comparison result similar to that shown in Fig. 3. In contrast,
in Fig. 4(b), the dipole phases at the main peak position are
more coherent for each pulse, and the coherent positions of
the adjacent central subpeaks have good regularity, almost all
on the same horizontal line.

It is well known that ionization probability plays a very
important role in HHG processes, so we also perform a cal-
culation of the ionization probability between the IR field
alone and the IR-THz combined field. In Fig. 5, the purple
line with points represents the ionization probability of the IR
field alone, and the green solid line represents the ionization

FIG. 5. Ionization probability driven by the IR-THz combined
laser field and the IR laser field alone. The laser parameters used are
the same as those in Fig. 1.

probability for the IR-THz combined field. The ionization
probability can be calculated by

Pion(t ) = 1 − 〈ψ (r, t )|ψ (r, t )〉. (12)

It can be found that both of them show the same step for
each of their five pulses, which induces a synchronized change
in phases, resulting in constructive coherence. The ionization
probability of the laser field combined with the THz field is
more than 5 times higher than that of the IR laser field alone
and exhibits relatively rapid ionization and uniform ioniza-
tion efficiency. This is because the THz pulse train breaks
the symmetry of the IR laser field and greatly enhances the
positive amplitudes of the combined field, so the ionization
probability is increased, and the ionization becomes faster and
more uniform.

According to the semiclassical model, ionization is the first
step in HHG of an atom driven by laser fields. That is to
say, the laser field is responsible for the ionization regime.
This implies that IR and IR combined with a THz field lead
to different ionization regimes, and there is an obvious con-
trast in the ionization probability. We know that the different
ionization regimes are related to different quantum channels
in HHG. These quantum channels are typically classified by
the dynamical phases. To explore the relationship between
the features of quantum channels related to the ionization
regime and the constructive coherence of the dynamical phase,
we discuss the emission properties by calculating the time
profile and dynamical phase of the specific harmonic in the
below-threshold and plateau regions; we discuss the emission
properties by calculating the time profile and dynamical phase
of the specific harmonic in the below-threshold and plateau
regions. The specific harmonic time profile can be obtained
via the wavelet transform [39]:

dωk (te) = ∣∣dωk (te)
∣∣ exp [−i(φk (te) + ωkte)], (13)

and the corresponding dynamical phase φk (te) can be ex-
tracted. As can be seen in Figs. 6(a)–6(j), at the fifth harmonic
in the below-threshold region, the efficiency of the harmonic
emission peaks generated by the combined field assisted by
the THz pulse is almost the same as that of the infrared
field alone, so the intensity of the comb main peak is almost
the same. However, the two main emission peaks, which are
not completely consistent for each pulse, become four al-
most identical high emission peaks through the modulation
of the THz field. Correspondingly, from the dynamical phase
corresponding to the emission peak, it can be seen that the
synthesized field has only one similar quantum channel where
the phase difference is fully locked compared to the case of
only IR field. The addition of the THz field greatly improves
the synchronization of the harmonic emission, leading to the
constructive coherence of the dipole phase and hence optimiz-
ing the frequency-comb structure. Similarly, as can be seen
from Figs. 7(a)–7(j), the addition of THz field at the ninth
harmonic in the plateau region improves the concentration and
intensity of the harmonic emission, modulates the messy dy-
namical phase channels into two completely locked channels,
and realizes the optimization of the frequency-comb structure
shown in Fig. 1(d). The origin of two completely locked
channels comes from the different ionization regime of atoms
driven by the IR combined with the THz field. Generally,
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FIG. 6. Comparison of the time profiles (solid black lines) and
dynamic phases at the fifth harmonic of (a)–(e) single infrared laser
pulses and (f)–(j) the combined laser pulses. The laser parameters are
the same as in Fig. 1.

there is one channel below the ionization potential due to the
dominant multiphoton ionization, but there are two channels
called short and long trajectories in the plateau region due to
the dominant tunnel ionization. Therefore, these channels are
present in the ninth harmonic but not in the fifth harmonic.
In summary, it can be seen from the harmonic emission char-
acteristics that the addition of THz field makes the harmonic
emission more efficient and concentrated, thus improving the
ionization probability and the intensity corresponding to the
frequency comb. As a result, the optimization of the quantum
channels shown by the corresponding dynamical phases at
the emission peak greatly enhances the harmonic phase syn-
chronization, thus making the structure of the frequency comb
more regular.

As discussed above, the ionization probability plays an
important role in the frequency comb via HHG. Next, we

FIG. 7. Comparison of the time profiles (solid black lines) and
dynamic phases at the ninth harmonic of (a)–(e) single infrared laser
pulses and (f)–(j) the combined laser pulses. The laser parameters are
the same as in Fig. 1.

discuss the influence of the combination of the IR laser field
and THz laser field with different frequencies on the structure
and intensity of the frequency comb. In Fig. 8, we compare
the HHG spectra of the given IR laser field combined with
a 25-THz laser field and a 20-THz laser field, and the corre-
sponding results are represented by the green dotted line and
red solid line, respectively. The other laser-field parameters
are the same as in Fig. 1, except that the THz frequency is
changed. It can be seen that both the fourth even harmonics
in Fig. 8(b) and the ninth odd harmonics in Fig. 8(c) indicate
that the intensity and structure of the frequency combs do not
change significantly when the central frequency of the THz
field changes slightly. The structures of the main peaks and
subpeaks of the frequency comb are very smooth and regular
in the below-threshold and plateau harmonics, and the number
of subpeaks of the frequency comb is N − 2 regardless of the
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FIG. 8. (a) Comparison of HHG spectra of the given IR laser
field combined with 25-THz and 20-THz laser fields. Detailed views
of the nested comb structures of the HHG spectra in the vicinity of
(b) the fourth harmonic and (c) the ninth harmonic. The other laser
parameters used are the same as in Fig. 1.

odd or even order in the case of both the 25-THz field and the
20-THz field.

To clarify the sensitivity of the frequency-comb structure
associated with the laser intensity of laser-pulse trains, we
compare the frequency combs via HHG produced in the
low-intensity regime and high-intensity regime. Figure 9(a)
represents the HHG spectra driven by the infrared laser field
for laser intensities 0.4I0 (I0 = 1.0 × 1014 W/cm2) and 2.0I0

with 25-THz laser pulse trains. The field amplitudes of the
THz fields of the two combined laser-pulse trains are 1/4 that
of the infrared field; that is, when the intensity of the infrared
laser field is 0.4I0 and 2.0I0, the intensity of the THz field is
2.5 × 1012 and 1.25 × 1013 W/cm2. In Figs. 9(b) and 9(c), de-
tailed views of the nested comb structures in the vicinity of the
fourth harmonics and the ninth harmonics are presented. We
find that the main peak of the comb structure remains regular,
while the subpeaks almost disappear when the ionization is
pushed from the low-intensity regime into and high-intensity

FIG. 9. (a) Comparison of HHG spectra of the given THz laser
field combined with the IR laser field with laser intensities 0.4I0

and 2.0I0 with a 25-THz train. Detailed views of the nested comb
structures in the vicinity of (b) the fourth harmonics and (c) the ninth
harmonics. The other laser parameters used are the same as in Fig. 1.

regime. This result indicates that the ionization regime plays
an important role in the frequency comb via HHG.

Figure 10(a) shows the ionization probabilities correspond-
ing to Fig. 8. The results show that the ionization probability
reaches almost half of the total number of electrons after
the first laser pulse starts, while the ionization probability of
the subsequent laser pulse drops sharply to about half of the
previous one. The overall ionization probability at this high
intensity shows exponential decay. This is because the high
laser intensity causes the ground-state population of electrons
to be partially depleted at the beginning of the laser-pulse
trains, leading to the ionization probability becoming smaller
and smaller. As a result, it is hard for the electron to detach
from later laser-pulse trains [38]. The analysis of the comb
structure and ionization probability under different ionization
regimes shows that the change in ionization probability caused
by the laser intensity is responsible for the change in the
frequency-comb structure. To determine the influence of THz
laser pulses with the same intensity but different frequencies
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FIG. 10. The corresponding ionization probabilities of Figs. 8
and 9. (a) Ionization probability of the combined laser train for IR
laser intensities 0.4I0 and 2.0I0. (b) Ionization probability of the IR
laser train modulated by the 25-THz laser pulse and 20-THz laser
pulse.

on the ionization regime, the ionization probabilities of in-
frared laser trains modulated by 25-THz laser pulses (green
dotted line) and 20-THz laser pulses (red solid line) in Fig. 9
are given. As shown in Fig. 10(b), since the change in THz
pulse frequency has no dramatic effect on the optical cycle
intensity near the maximum peak value of the combined field,
the ionization probability of the two cases is less affected by
the THz laser-pulse train, so the intensity and structure of the
frequency comb are consistent. The above results indicate that
the frequency comb of the combined laser train is more regular
and the conversion efficiency is higher because the THz laser
field optimizes the pulse shape of the combined laser field,
rather than simply increasing the intensity.

IV. CONCLUSION

In summary, we proposed a method to modulate the fre-
quency comb by using THz laser-field trains, which optimized

the structure of the frequency comb extremely well and im-
proved the comb intensity effectively. The results show that
the extra THz laser field greatly breaks the symmetry of the
positive and negative components of the laser field, which
greatly increases the ionization probability, induces the en-
hancement of even harmonics generation, and leads to the
enhancement of the frequency-comb intensity and the exten-
sion of the effective HHG spectra width. Moreover, due to
the influence of the IR-THz laser-pulse train on the electron
emission trajectory, the efficiency of ionization probability is
more rapid and uniform, which improves the synchronization
of the dipole phase, thus leading to excellent constructive
coherence, and the stability and regularity of the frequency-
comb structure generated via HHG are greatly improved.
We compared the comb spectra generated at different THz
central frequencies and different ionization regions. When
the intensity of the combined field is greatly increased, the
ionization probability of each pulse is no longer uniform, and
the subpeak of the regular comb structure generated by phase
interference almost disappears. In addition, the uniformity of
the ionization probability of the combined field is not greatly
affected when the THz field center frequency is reduced, and
the THz center frequency is not restricted to a small interval
when using the THz field to optimize the IR field for better
comb spectra. These results suggest that the regular structure
of the frequency comb is related to the coherence of the phase
constructive coherence resulting from the uniformity of the
ionization probability induced by the pulse shape of the com-
bined laser train modulated by the THz laser field. Although
our results are for the single-atom case, the insights obtained
are quite general and are also applicable for understanding
the dynamical origin of coherent enhancement of a frequency
comb modulated by a terahertz laser field in HHG. According
to our previous work [40], the commonly used single-atom
model can be sufficient for the proper description of the HHG
because the characteristics of the dominant-trajectory elec-
tron emission in the single-atom response are not changed
after macroscopic propagation. Our results suggest a potential
method for generating high conversion efficiency and regular
frequency combs, providing a potential method for controlling
the generation of XUV and VUV frequency combs.
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