CHinese PuysicaL Sociery | IOP Publishing

CPB

Chinese Physics B

http://cpb.iphy.ac.cn https://iopscience.iop.org/journal/1674-1056

Manipulations of atomic below-threshold harmonic generation by electrostatic fields

Junyong He(fi[#&2 %K), Shilin Hu(HJITi#K), Pengcheng Li(ZEM#2), and Jing Chen(f% %)
Citation:Chin. Phys. B, 2026, 35 (7): 073103. DOI: 10.1088/1674-1056/ae7db7
http://cpb.iphy.ac.cn; http://iopscience.iop.org/cpb

What follows is a list of articles you may be interested in

Theoretical calculations on lifetimes of the low-lying excited states in Lu*

Ting Liang(#1%), Min Feng(#54#), Jin Cao(8 i), Yi-Ming Wang(F Z#4), Ben-Quan Lu(/ 4 4%), and Hong
Chang(7 %)

Chin. Phys. B, 2025, 34 (12): 123101.  DOI: 10.1088/1674-1056/ade8e3

Spectroscopic and transition properties of strontium chloride

Dong-Lan Wu(ffi4¢2%), Bi-Kun Liu(X1]/4341), Wen-Tao Zhou(J& S #), Jia-Yun Chen(F:£E1Z), Zhang-Li Lai(i#i % 1),
Bo Liu(X1J¥%), and Bing Yan(|=]¥K)
Chin. Phys. B, 2025, 34 (4): 043101. DOI: 10.1088/1674-1056/adb264

Ab initio potential energy surface and anharmonic vibration spectrum of NF;"

Yan-Nan Chen([%# ), Jian-Gang Xu(#: 2 K1), Jiang-Peng Fan(FGILME), Shuang-Xiong Ma( 2 X #E), Tian Guo(%5)
fil), and Yun-Guang Zhang(ik = %)
Chin. Phys. B, 2024, 33 (1): 013101.  DOI: 10.1088/1674-1056/ad04c6

Low-lying electronic states of osmium monoxide OsO

Wen Yan(™¥3) and Wenli Zou(4l SCF])
Chin. Phys. B, 2023, 32 (11): 113101.  DOI: 10.1088/1674-1056/acec46

Mutual neutralization in low-energy collisions of Na* + H ions

Kun Wang(F%%), Chuan Dong( )1]), Yizhi Qu(Jii — %), Yong Wu(% 5), Xiaohe Lin(#kE%), and Robert J.
Buenker
Chin. Phys. B, 2023, 32 (8): 083103.  DOI: 10.1088/1674-1056/acd624


https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ae7db7
https://doi.org/10.1088/1674-1056/ae7db7
http://cpb.iphy.ac.cn/
http://iopscience.iop.org/cpb
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ade8e3
https://doi.org/10.1088/1674-1056/ade8e3
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/adb264
https://doi.org/10.1088/1674-1056/adb264
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ad04c6
https://doi.org/10.1088/1674-1056/ad04c6
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/acec46
https://doi.org/10.1088/1674-1056/acec46
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/acd624
https://doi.org/10.1088/1674-1056/acd624

Chin. Phys. B 35, 073103 (2026)

Manipulations of atomic below-threshold harmonic generation by
electrostatic fields

Junyong He(fi]f& k)", Shilin Hu(#HJifi#k)!", Pengcheng Li(Z=ME#E)!, and Jing Chen([% %)%

1 Research Center for Advanced Optics and Photoelectronics, Department of Physics, College of Science,
Shantou University,Shantou 515063, China

2Department of Modern Physics, and Hefei National Research Center for Physical Sciences at the Microscale and School of Physical Sciences,
University of Science and Technology of China, Hefei 230026, China

3Hefei National Laboratory, Hefei 230088, China

(Received 24 April 2026; revised manuscript received 26 May 2026; accepted manuscript online 16 June 2026)

We have studied the harmonic spectra of hydrogen atoms subjected to different combined laser fields with increasing
electrostatic fields, which are based on the numerical solutions of the time-dependent Schrodinger equation. It is found that,
as the electrostatic field increases, a hump structure in the below-threshold harmonic spectra will show up. The reasons
are that the below-threshold harmonic generation is closely related to the excited states, and the probabilities of the excited
states 2s and 2p evidently increase with the increasing electrostatic fields.
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1. Introduction

High-order harmonic generation (HHG) is one of the
most fundamental phenomena in the interaction of intense
laser fields with atoms, ions or molecules, which has be-
come one of the hottest topics over the last three decades
due to its scientific applications, such as the generation of
table-top extreme ultraviolet (XUV) light sources and at-
tosecond pulses, the detection of ultrafast dynamics inside
atoms and molecules, and tomographic imaging of molecular

orbitals. [I-!!

! The generation of these high-order harmonics
can be well understood by a semiclassical three-step model:
Firstly, the bound electron is freed by tunneling ionization,
then accelerated by the driving laser field, and finally recom-
bines with the parent ion, emitting the harmonics.!'>!3!

Most previous studies have focused on the harmonic
generation above the ionization threshold. Recently the
HHG below the ionization threshold has attracted consider-
able attention, since it has been demonstrated that below-
threshold harmonic emission can provide a potential way to
generate novel high-repetition-rate and high-intensity light
sources in the vacuum-ultraviolet band due to the high con-

[14-201 Some pioneering works about below-

version efficiency.
threshold harmonic generation have been carried out both ex-
perimentally and theoretically. For instance, Power et al. and
Yost et al. show that long trajectories have important impacts
on the generation of the below-threshold harmonics due to
the influence of the atomic potential.[>!?>?] Chini et al. have

found that the phase-matched below-threshold harmonics are

TCorresponding author. E-mail: shlhu@stu.edu.cn
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produced around the atomic resonance structures.!??! Li et
al. investigated the dynamical origin of below-threshold har-
monic generation for the Cs atom.**! Xiong et al. showed
the vital role of excited states in the new below-threshold
harmonics. >

The influence of an additional electric field on the atomic
and molecular HHG has gained great attention in the past three

s.[26-301 For instance, MiloSevié¢ and coworkers have

decade
systematically studied the intensity dependence of the plateau
in laser-assisted x-ray — atom scattering both with and with-
out an additional static electric field.*!*?) Borca et al. have an-
alytically and numerically presented two static-electric-field-
induced effects: elliptic dichroism and elliptical polarization
of harmonics generated by a linearly polarized field. Subse-
quently, it is shown that the cutoff position of atomic HHG
can be extended up to a maximum energy (I, +42U,) by com-
bining a chirped linearly polarized laser with a static electric
field,33! where U, and I, denote the ponderomotive energy
and the ionization energy, respectively. In addition to extend-
ing the HHG cutoff, the long quantum trajectories in HHG
generation can be modulated by the additional static electric
field for molecules in the presence of combined laser fields. 34!

As stated above, atomic and molecular below-threshold
HHG has become a research focus for experimental and the-
oretical studies in the past few years owing to its significant
scientific applications. Moreover, an additional static electric
field has an important impact on the extension of harmonic
spectra, while the study of the modulation of atomic below-

threshold harmonic spectra by a static electric field, in a de-
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tailed manner based on a quantitative analysis, is still miss-
ing. Therefore, the role of an additional static electric field
in atomic below-threshold harmonic spectra is an intriguing
problem to be explored. In the present work, we have studied
the effect of the static field on the below-threshold harmonic
spectra of hydrogen atoms subjected to combined laser fields
by numerically solving the full-dimensional time-dependent
Schrodinger equation. It is shown that the intensities of below-
threshold harmonics become stronger with the enhanced elec-
trostatic fields, which are ascribed to the dynamics of excited
states 2s and 2p.

2. Theoretical calculations

Within the dipole approximation and the length gauge,
the three-dimensional time-dependent Schrodinger equation
(TDSE) describing the interaction of a hydrogen atom with
the combined laser field E(¢) is given by (atomic units (a.u.)
are employed unless otherwise indicated.)

d 1 1
. 9 _ —7V2 - . .
e Y(r,) > ;. +E@) r|¥Y(r) ()
The combined laser field FE(t) is defined by
E(t)=—dA(t)/dt with the vector potential A(f) =

Ey sinz(m/tmax) cos(wt)/we 4+ oEgte. Here Ey, tmax, ©, and
€ indicate the amplitude of the electric field, the duration, the
frequency of the laser pulse, and the unit vector, respectively.
«a denotes the parameter which modulates the electrostatic
field strength. The laser field is assumed to be linearly polar-
ized along the z axis in the present work.

The time-dependent wave function is expanded by B-
splines and spherical harmonics as follows: ]

k

P(rio=Y CH,m(t)B”(r)

wim r

Yim(6,0). 2

Here k = 7 represents the order of B-splines. 33" The initial
state is 1s, and the magnetic quantum number is a good quan-
tum number in the calculation, so we take the magnetic quan-
tum number m = 0. The above time-dependent wave function
is numerically solved by implementing the Crank—Nicolson

3637 The probabilities of excited states are obtained

scheme. !
by projecting the wave function onto the corresponding field-
free eigenstates after the conclusion of the strong laser pulse,
and the field-free eigenstates are calculated by a diagonaliza-
tion scheme for the field-free Hamiltonian matrix. 36!

The harmonic spectra are obtained Fourier transform of

the time-dependent induced dipole in the acceleration form
. 2
() o ’/D(t)e‘”’”dt . 3)

Here, the induced dipole is calculated by D(z) = (¥(r,1)| —
N _E(6)|¥ (r,1)) with V(r) = —1/r.

In our calculations, the truncated radius is rpax = 125 a.u.,
150 B-splines are employed for the radial wave function, and
the maximum number of partial waves is Lyax = 20. The hy-
drogen atom (1s) is exposed to laser pulses of the frequency
® = 0.057 a.u. (800 nm) and three optical cycles. In the TDSE
calculations, we employ the time step 6r = 0.05 a.u. Con-
vergence of numerical calculations is reached with the above
settings.

3. Results and discussion

Figure 1(a) displays the harmonic spectra of hydrogen
atoms subject to laser pulses of intensity 30 TW/cm? and dif-
ferent additional electrostatic fields. It is clearly shown that a
hump structure in the below-threshold harmonic spectra grad-
ually appears around the 7th harmonic as electrostatic field
strength increases for the parameter ¢« from O to 0.4. Fig-
ure 1(b) presents the harmonic spectra of hydrogen atoms in
laser fields of intensity 50 TW/cm? and different additional
electrostatic fields, and a hump structure in the harmonic spec-
tra also appears about the 7th harmonic as a function of the
electrostatic fields.
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Fig. 1. Harmonic spectra of hydrogen atoms exposed to combined laser
fields with different static electric fields. The peak laser intensities are
30 TW/cm? (a) and 50 TW/cm? (b), respectively. Here a denotes a pa-
rameter that controls the strength of the static electric field. The hydrogen
atom is subjected to laser pulses of the wavelength 800 nm and three op-
tical cycles.
It is well-known that the atomic below-threshold har-
monic generation is closely related to the dynamics of excited

states,17:23]

so we also calculate the time-dependent probabil-
ities of excited states 2s and 2p in Fig. 2, in which the laser
intensities are 30 TW/cm? and 50 TW/cm? with the increase
of the electrostatic fields from oo = 0 to @ = 0.4. Figure 2(a)
displays the time-varying probabilities of 2s state for a hydro-
gen atom exposed to the laser fields of intensity 30 TW/cm?
It is found that the time-

dependent probabilities of 2s state are obviously increased

and different electrostatic fields.

with increasing electrostatic fields. For instance, the maxi-
mum probability of 2s state is less than 1.5 x 10~ for a = 0
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around the time 1.37 (T = 27/ w), while the peak probabil-
ity of 2s state is close to 6 x 10~ for a = 0.4 about the time
1.3T. Figure 2(b) shows the time-dependent probabilities of
2p state for a hydrogen atom in the laser fields of intensity
30 TW/cm? and various electrostatic field strengths. It is also
demonstrated that the time-varying probabilities of 2p state are
evidently raised with increasing electrostatic field strengths.
For example, the maximum probability of 2p state is less than
4 % 10~* for ¢ = 0 about the time 1.37", while the peak proba-
bility of 2p state is near 8 x 10~ for o = 0.4 around the time
1.3T. Figures 2(c) and 2(d) display the time-dependent prob-
abilities of 2s and 2p states for hydrogen atoms, respectively,
and the laser fields correspond to the intensity 50 TW/cm? and
various electrostatic field strengths. The time-varying proba-
bilities of 2s and 2p states in Figs. 2(c) and 2(d) show similar
results with increasing electrostatic field strengths compared
with those in Figs. 2(a) and 2(b). It is worthwhile to mention
that the probabilities of 2s and 2p states are much larger than
those of other excited states, so the time-dependent probabili-
ties of other excited states are not plotted in Fig. 2.
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Fig. 2. Time-dependent probabilities of the 2s and 2p states under differ-
ent static electric field intensities. Panels (a) and (b) show the probabili-
ties of the 2s and 2p states as a function of time at 30 TW /cm?, respec-
tively. Panels (c) and (d) show the time-varying probabilities of the 2s and
2p states at 50 TW /cm?, respectively. o is a parameter used to regulate
the strength of the static electric field. The hydrogen atom is exposed to
laser pulses of the wavelength 800 nm and three optical cycles.

The time-dependent probabilities of 2s and 2p states show
a strong dependence on the additional electrostatic fields in
Fig. 2, and atomic below-threshold harmonic generation is
closely linked with the dynamics of excited states, so we will
remove the roles of 2s and 2p states in the TDSE calcula-
tions to explain the distinct phenomena in Fig. 1. Figure 3
shows the harmonic spectra of hydrogen atoms subjected to
the laser fields analogous to those in Fig. 1, but the roles of 2s
and 2p states are not included in the TDSE calculations. It is
found that the harmonic intensities around the 7th order har-
monic remain nearly unchanged with the increasing electro-
static fields in Fig. 3, while the harmonic intensities around the
7th harmonic gradually become stronger as the electrostatic
field strengths o increase from O to 0.4 in Fig. 1. Compared

with results in Fig. 1, the hump structures in harmonic spectra
around the 7th order disappear in Fig. 3 by removing the roles
of 2s and 2p states in the TDSE calculations for electrostatic
field strengths oo = 0-0.4. Consequently, the hump structures
in harmonic spectra around the 7th order are closely related to
the dynamics of 2s and 2p states. The reasons are that the prob-
abilities of excited states 2s and 2p gradually increase with
increasing electrostatic fields in Fig. 2, the energy difference
between the excited states (2s and 2p) and the ground state (1s)
is around seven photon energies, and the transitions from the
excited states 2s and 2p to the ground state 1s give rise to the
distinct hump structures in below-threshold harmonics with in-
creasing electrostatic fields in Fig. 1. It is also worthwhile to
mention that laser pulse shapes have been employed to control
and enhance below-threshold harmonic generation through the
excited-state resonance structures for multielectron molecules
CO and N, subjected to different types of laser pulses,!'®]
while additional electrostatic fields are adopted to control the
atomic below-threshold harmonic generation in this work.
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Fig. 3. Similar to Fig. 1, but the harmonic spectra are obtained by exclud-
ing the roles of 2s and 2p states in TDSE calculations. Laser intensities
are 30 TW /cm? and 50 TW /cm? in panels (a) and (b), respectively. Here
o indicates a parameter that controls the strength of the static electric
field. The hydrogen atom is subjected the laser pulses with the wave-
length 800 nm and three optical cycles.

4. Conclusion

In summary, we have investigated the manipulation of
atomic below-threshold harmonic generation in laser fields by
adding static electric fields, in which TDSE calculations are
carried out numerically. It is clearly shown that, as the ad-
ditional static electric fields become stronger, the intensities
of below-threshold harmonics are obviously enhanced. In ad-
dition, as the static electric fields are enhanced, the intensity
change of below-threshold harmonics is negligible without in-
cluding the roles of 2s and 2p states in TDSE calculations.
Consequently, the probabilities of excited states 2s and 2p in-
crease with increasing electrostatic fields, and the transitions
from the excited states 2s and 2p to the ground state s lead to
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stronger below-threshold harmonics with increasing electro-
static fields. Our work indicates that the dynamics of excited
states play important roles in below-threshold harmonic gener-
ation, and static electric fields provide useful tools to manipu-
late atomic below-threshold harmonic generation by changing
the dynamics of excited states. It is worthwhile to mention that
the excited states 2s and 2p play a critical role in the above-
threshold HHG. 18]
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