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SPECIAL TOPIC — Ultrafast physics in atomic, molecular and optical systems

Resonance-enhanced high-harmonic generation and attosecond
transient absorption spectroscopy of hydrogen atoms

Yue Cao(曹玥), Zheng Shu(舒正)†, Da-Wei Tian(田大纬), and Xiao-Lei Hao(郝小雷)

State Key Laboratory of Quantum Optics Technologies and Devices, Institute of Theoretical Physics, Shanxi University, Taiyuan 030006, China

(Received 29 December 2025; revised manuscript received 16 April 2026; accepted manuscript online 27 April 2026)

Using ab initio simulations, we investigate high-harmonic generation in hydrogen atoms driven by a near-infrared
(NIR) laser pulse combined with an attosecond extreme-ultraviolet (XUV) pulse. The efficiency of high-harmonic genera-
tion is significantly enhanced when the XUV pulse excites atoms from the ground state to an excited p state. Furthermore,
by varying the time delay between the two laser pulses, we calculate the attosecond transient absorption spectra of hydrogen
atoms based on numerical solutions of the time-dependent Schrödinger equation (TDSE). Combining attosecond transient
absorption spectra with high-harmonic spectra provides a powerful approach for revealing laser-induced energy-level shifts
and the splitting structure of resonant harmonic emission.

Keywords: resonance harmonic emission, ac Stark effect, attosecond transient absorption spectra
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1. Introduction
High-harmonic generation (HHG) spectroscopy has

proven to be a powerful technique for probing ultrafast elec-
tron dynamics in laser–matter interactions, offering sub-Å spa-
tial and sub-femtosecond temporal resolution.[1–6] Moreover,
HHG serves as an important source for generating extreme-
ultraviolet (XUV) radiation.[7–13] The physical mechanism of
HHG in gases is well described by the semiclassical three-
step model:[14,15] first, a bound electron tunnels through the
Coulomb potential barrier and is released as a free-electron
wave packet; second, it is accelerated by the laser field; and fi-
nally, upon recombination with the parent ion, an XUV photon
is emitted.

Resonance-enhanced HHG provides an effective means
to improve harmonic conversion efficiency.[16–19] During
laser–atom interactions, resonant excitation populates atomic
excited states, thereby opening new channels for HHG.[20]

These excited states can either emit XUV radiation through
free-induction decay or contribute to HHG via ionization
from an excited state followed by recombination to the
ground state.[21] Below the ionization threshold, bound–
bound resonances can significantly enhance resonant har-
monic emission.[22–25] When an isolated attosecond pulse ex-
cites an electron from the ground state into various excited
states, the subsequent interaction with a near-infrared (NIR)
laser pulse can generate dressed states, leading to finer spec-
tral structures and enhanced HHG conversion efficiency.

Attosecond transient absorption spectroscopy (ATAS)
provides a complementary approach for measuring sub-cycle

variations in electronic energy levels induced by a moderately
strong NIR field (∼ 1012 W/cm2).[26–29] When the XUV and
NIR pulses overlap in time, laser-induced population transfer
from the ground state to excited states gives rise to new spec-
tral features below the ionization threshold.[30–36] The time de-
lay between the XUV and NIR pulses provides an additional
control parameter for probing dynamical ac Stark shifts[37,38]

and Autler–Townes splitting[39,40] induced by the NIR field.
While previous studies have demonstrated resonance-

enhanced HHG through excited-state participation, they have
largely focused on enhancing the harmonic yield itself. The
transient evolution of the resonant states under the influence of
the dressing field and its direct impact on the harmonic struc-
ture remain to be fully resolved. In this work, we integrate
HHG with ATAS to address this gap. The time-resolved na-
ture of ATAS allows us to map the dynamical ac Stark shift
and splitting of the resonant level as a function of the XUV–
NIR delay, thereby establishing a direct connection between
transient modifications of the atomic energy levels and the ob-
served fine structure in the harmonic spectra.

In this work, we investigate resonance-enhanced HHG
in hydrogen atoms driven by a NIR field combined with
an attosecond XUV pulse through numerical simulations of
the three-dimensional time-dependent Schrödinger equation
(TDSE). The one-photon 1s–2p resonance induced by the
XUV leads to a pronounced enhancement of the harmonic
conversion efficiency and, more importantly, a distinct split-
ting of the resonant harmonic emission is observed in the HHG
spectra. By varying the time delay between the XUV and
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NIR pulses, we observe corresponding changes in the intensity
and splitting structure of the resonant harmonics. A combined
analysis with attosecond transient absorption spectra demon-
strates that the observed spectral splitting arises from the dy-
namical ac-Stark shift.

This paper is organized as follows. Section 2 provides
a brief introduction to the numerical solution of the three-
dimensional TDSE and the method used to calculate the at-
tosecond transient absorption spectra. In Section 3, we dis-
cuss HHG and attosecond transient absorption spectra under
different laser parameters and analyze the mechanism respon-
sible for the resonance-induced harmonic splitting. Finally,
Section 4 summarizes our conclusions. Atomic units (a.u.)
(e = h̄ = me = 1) are used throughout, unless indicated other-
wise.

2. Theoretical methods
2.1. The numerical solution of the TDSE and the harmonic

spectra

Within the single-active-electron approximation, the
TDSE in the length gauge for an atom (in spherical coordi-
nates) is given by[41]

i
∂

∂ t
ψ(𝑟, t) =

{
− 1

2r2
∂

∂ r
r2 ∂

∂ r
+

1
2r2

[
∂

∂ξ
(1−ξ

2)
∂

∂ξ

− m2

1−ξ 2

]
+V (𝑟)−𝐸(t) ·𝑟

}
ψ(𝑟, t), (1)

where ξ = cosθ , and m is the z component of the electronic or-
bital angular momentum. Here, V (𝑟) =−1/𝑟 is the Coulomb
potential of the hydrogen atom, and −𝐸(t) · 𝑟 describes the
electric-dipole interaction between the atom and the time-
dependent external electric field 𝐸(t).

The wave function ψ(𝑟, t) is expanded in terms of B-
splines as follows:

ψ(r, t,ξ ,φ) =
1√
2π

∑
µν

Cµν(t)
Bk

µ(r)
r

(1−ξ
2)

|m|
2 Bk

ν(ξ )e imφ ,

(2)

where Bk
µ(r) denotes a B-spline basis function of order k = 7.

For the ground state of hydrogen, the magnetic quantum num-
ber m is zero. In our calculations, 500 radial B-spline functions
and 36 angular basis functions are employed. The maximum
radial coordinate rmax is 150 a.u. To suppress unphysical re-
flections, a cos1/8 absorber function is applied in the region
from 100 a.u. to rmax.

The NIR and XUV pulses are both polarized along the
z-axis and have sine-squared envelopes of the form

E(t) = E0 sin2
(

πt
τ

)
sin(ωt), (3)

where E0 is the peak electric-field amplitude and τ is the pulse
duration. The XUV pulse has an intensity of 1×1010 W/cm2,
a central wavelength of 120 nm, and a duration of 10 optical
cycles. The corresponding photon energy is 10.33 eV, which is
resonant with the hydrogen 1s–2p transition. This resonance
serves as a prerequisite for resonance-enhanced harmonic
emission. The NIR pulse has an intensity of 1×1013 W/cm2, a
wavelength of 800 nm, and a duration of 12 optical cycles. The
time delay τd is defined as the difference between the maxima
of the XUV and NIR pulse envelopes. A positive (negative)
time delay indicates that the XUV pulse arrives after (before)
the NIR pulse.

With the time-dependent wave function ψ(𝑟, t), we cal-
culate the induced dipole moment as follows:

d(t) = ⟨ψ(t)|z|ψ(t)⟩. (4)

The HHG power spectrum is obtained from the Fourier trans-
form

P(ω) =

∣∣∣∣∫ d̈(t)e−iωt dt
∣∣∣∣2 , (5)

where d̈(t) = d2

dt2 ⟨ψ(t)|z|ψ(t)⟩ is the time-dependent dipole
acceleration.

The populations of the excited states are calculated by
projecting the total wave function onto the eigenstates of the
hydrogen atom[42]

|ck(t)|2 =
∣∣∣∣∫ ∞

−∞

φ
*
k (𝑟)ψ(𝑟, t)d𝑟

∣∣∣∣2 , (6)

where φ *
k (𝑟) is the complex conjugate of the hydrogenic

eigenstate wave function.
We further decompose the time-dependent wave function

into bound-state components (from 1s to 4f) and a continuum
component

|φ(t)⟩= ∑
k∈ℬ

ck(t)|φk⟩+ |φc(t)⟩ , (7)

where ℬ = {1s,2s,2p,3s,3p,3d,4s,4p,4d,4f} and |φc(t)⟩ de-
note the continuum component. The continuum-to-bound re-
combination contribution is defined as

dk-continuum(t)≡ c*k(t)⟨φk|z|ψc(t)⟩+ c.c., (8)

while the bound-to-bound recombination contribution is de-
fined as

dk–m(t)≡ c*k(t)cm(t)⟨φk|z|φm⟩+ c.c. (9)

2.2. The calculation of the attosecond transient absorption
spectra

In theory, laser-dressed absorption can be described
within a semiclassical framework, in which a quantum atom is
driven by a classical electromagnetic field.[30] The attosecond
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transient absorption spectra are related to the response func-
tion defined as[43]

S(ω,τd) =− 2ω

τNIR − τd
Im
[
d̃(ω,τd)Ẽ*(ω,τd)

]
, (10)

where d̃(ω,τd) is the Fourier transform of the dipole moment
along the laser polarization axis, and Ẽ*(ω,τd) is the Fourier
transform of the driving laser field. τNIR and τd denote the
duration of the NIR pulse and the time delay between the
NIR and XUV pulses, respectively. When S(ω,τd) is positive,
the atom predominantly absorbs radiation at that frequency,
whereas when S(ω,τd) is negative, the atom predominantly
emits radiation at that frequency. The corresponding absorp-
tion cross section is given by

σ(ω,τd) =
4παωS(ω,τd)

|Ẽ(ω,τd)|2
, (11)

where α is the fine-structure constant (α ≈ 1/137). Experi-
mental measurements of transient absorption spectra are typi-
cally based on Beer’s law, which relates the transmitted light
intensity to the absorption cross section, interaction length,
and medium density. Using Beer’s law,[30] the attosecond tran-
sient absorption spectra can be calculated as

e−σ(ω,τd)L/2, (12)

where L denotes the interaction length. In our calculations,
L = 2, which provides a reasonable approximation to experi-
mental conditions.[43]

3. Results and discussion
In this study, we focus on the one-photon resonance be-

tween the XUV pulse and the hydrogen 1s–2p transition. Fig-
ure 1 shows the XUV pulse (red solid line) and NIR pulse
(black dashed line) with τd =−5TNIR, where TNIR is the opti-
cal cycle of the NIR pulse.
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Fig. 1. Temporal profiles of the XUV pulse (red solid line) and the NIR
pulse (black dashed line). The time delay τd is defined as the difference
between the maxima of the XUV and NIR pulse envelopes and is set to
−5TNIR.

Figure 2(a) presents the high-harmonic spectra of the hy-
drogen atom driven solely by the NIR pulse (black dashed line)
at an intensity of 1×1013 W/cm2 and by a two-color laser field
(red solid line) consisting of the NIR and XUV pulses. The
XUV pulse has an intensity of 1×1010 W/cm2 and is tuned to
the one-photon 1s–2p resonance, with a time delay of −5TNIR

relative to the NIR pulse. The introduction of this weak XUV
pulse, whose intensity is only 0.1% of that of the NIR pulse,
results in a pronounced enhancement of the harmonic conver-
sion efficiency.

The vertical line in Fig. 2(a) marks the resonance energy
gap between the ground (1s) and excited (2p) states, corre-
sponding to 10.2 eV. Even in the NIR-only case, weak photon
emission associated with the 2p–1s transition can be observed
(see Fig. 2(b)), although its intensity is extremely low. When
the XUV pulse resonantly excites electrons from the 1s state
to the 2p state via a one-photon transition, the resonant har-
monic emission is enhanced by approximately seven orders of
magnitude compared with the NIR-only case.
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Fig. 2. (a) High-harmonic spectra of the hydrogen atom driven by the NIR pulse alone (black dashed line) and by the combined NIR and
XUV fields with a time delay τd = −5TNIR (red solid line). (b) Enlarged view of the harmonic spectrum in (a) over the photon-energy range
8.5–13 eV. (c) High-harmonic spectra from different emission channels: contributions from continuum-to-bound recombination into the 1s
state (1s–continuum, red line), continuum-to-bound recombination into the 2p state (2p–continuum, blue line), and the 1s–2p bound–bound
transition (black line).
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Figure 3 further compares the excited-state populations
obtained with the NIR pulse alone (black squares) and with the
two-color laser pulse (red circles). As shown, the population
of the 2p state increases by about seven orders of magnitude
upon the introduction of the XUV pulse. Therefore, the pro-
nounced enhancement of the harmonic emission near 10.2 eV
can be directly attributed to the one-photon resonant excita-
tion induced by the XUV pulse. To reveal the dominant chan-

nel and the origin of the resonant feature, we compare high-
harmonic spectra from different emission channels. As shown
in Fig. 2(c), the 1s–2p transition exhibits a pronounced reso-
nant peak near 10.2 eV, indicating that this feature is closely
linked to the 1s–2p transition induced by resonant excitation.

The enhancement of the harmonic emission near 10.2 eV
is accompanied by a distinct splitting of the resonant peak.
Figure 4(a) compares the high-harmonic spectra obtained with
two-color laser fields while varying the XUV intensity at a
fixed time delay of τd =−5TNIR. It is evident that the intensity
of the resonant emission increases with increasing XUV in-
tensity, whereas the positions of the split peaks remain nearly
unchanged for different XUV intensities. The integrated in-
tensity of the resonant harmonic emission around 10.2 eV is
plotted as a function of the XUV intensity in Fig. 4(b) (black
squares).

Figure 4(c) shows the population of the 2p excited state
(red circles) as a function of the XUV intensity under a two-
color field driving. As observed, the enhancement of the res-
onant harmonic emission scales proportionally with the popu-
lation of the 2p state.
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5×1010 W/cm2, 1×1011 W/cm2, and 1×1012 W/cm2, respectively. (b) Integrated intensity of the resonant harmonic emission around 10.2 eV as
a function of the XUV intensity. (c) Population of the 2p excited state as a function of the XUV intensity. The time delay is fixed at τd =−5TNIR.

Figures 5(a) and 5(b) show the absorption spectra as a
function of the XUV and NIR intensities, respectively, calcu-
lated according to Eq. (12) at a fixed time delay τd =−5TNIR.
As seen in Fig. 5(a), the absorption line located at 10.2 eV re-
mains essentially unchanged with varying XUV intensities, in-
dicating that the resonance position is independent of the XUV
intensity. We then examine the dependence of the absorp-
tion spectra on the NIR intensity, as shown in Fig. 5(b). The
most striking feature is that the absorption line near 10.2 eV
gradually splits and broadens with increasing NIR intensity.
This behavior arises from the laser-induced dynamical ac-
Stark shift, which modifies the atomic energy levels in the
presence of a strong NIR field.

For the parameters used in this work, the NIR photon en-

ergy is 1.55 eV, whereas the 2p–3s transition energy is ap-

proximately 1.89 eV. Therefore, the driving-field frequency

is smaller than the corresponding transition frequency, corre-

sponding to red detuning rather than blue detuning. Under red

detuning, the lower state shifts to lower energy, while the up-

per state shifts to higher energy.[44] In the present 2p–3s cou-

pling, since 2p is the lower state of the pair, it experiences a

downward ac Stark shift under red-detuned driving.

The observed broadening of the 2p level at an NIR in-

tensity of 1× 1013 W/cm2 in Fig. 5(b) is approximately 0.3–

0.4 eV. We estimate the shift using the generalized dressed-
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state expression[45]

∆E =
√
(µENIR)2 +δ 2, (13)

where µ is the relevant dipole matrix element and δ is the de-
tuning. For the NIR intensity used in our simulations (INIR =

1× 1013 W/cm2), the peak electric-field amplitude is approx-
imately ENIR ≈ 0.017 a.u. The dipole matrix element for the
2p–3s transition is 0.542 a.u.[43] Using these values, the es-
timated energy shift is approximately 0.42 eV, in reasonable
agreement with the numerical results obtained from both the
HHG and absorption spectra.
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Fig. 5. Calculated absorption spectra of the hydrogen atom as a function of the XUV and NIR intensities. The time delay is fixed at τd =−5TNIR.
(a) Absorption spectra as a function of the XUV intensity. The XUV pulse has a wavelength of 120 nm and a duration of 10 optical cycles, while
the NIR pulse has an intensity of 1× 1013 W/cm2, a wavelength of 800 nm, and a duration of 12 optical cycles. (b) Absorption spectra as a
function of the NIR intensity. The XUV pulse has an intensity of 1×1010 W/cm2, a wavelength of 120 nm, and a duration of 10 optical cycles,
while the NIR pulse has a wavelength of 800 nm and a duration of 12 optical cycles.

Although a strong NIR field can dress atomic levels and
induce a dynamical ac Stark shift during the interaction, the
observation of a clearly resolved level shift in the harmonic
spectrum requires not only NIR-induced dressing but also a
sufficiently strong and coherent radiative pathway to probe the
dressed-state structure.

In the present parameter regime (800 nm, 1 ×
1013 W/cm2), the NIR field is far detuned from the 1s–2p one-
photon resonance and therefore induces only a weak popula-
tion transfer to the 2p state. As a result, the emission near
10.2 eV in the NIR-only case is extremely weak and signifi-
cantly broadened, preventing a reliable resolution of the fine
level shift.

In contrast, the weak resonant XUV pulse efficiently pre-
pares population and coherence in the 2p state, strongly en-

hancing the resonant emission and making the NIR-induced
ac Stark shift clearly observable. In this scheme, the NIR field
primarily determines the level shift through dynamical dress-
ing, while the XUV pulse acts as a preparation and probe chan-
nel that enables the dressed-state structure to be accessed.

This interpretation is consistent with our numerical re-
sults, where the splitting positions are nearly independent of
the XUV intensity, whereas the apparent level shift becomes
more pronounced with increasing NIR intensity.

Furthermore, we compare the high-harmonic spectra ob-
tained at different time delays between the XUV and NIR
pulses, as shown in Fig. 6(a). In this comparison, the XUV
intensity is 1 × 1010 W/cm2 and the NIR intensity is 1 ×
1013 W/cm2.
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Fig. 6. (a) High-harmonic spectra generated by two-color laser fields at different time delays: τd = −7.75TNIR (black), −5TNIR (red), −2TNIR
(blue), and 0 (green). (b) Intensity of the resonant harmonic emission around 10.2 eV as a function of the time delay τd.
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The black line corresponds to the case where the XUV
pulse arrives before the NIR pulse with a delay of τd =

−7.75TNIR; in this case, the two pulses do not overlap in time.
The red line corresponds to τd =−5TNIR (see the laser fields in
Fig. 1), where the XUV pulse overlaps with the rising edge of
the NIR pulse. The green line represents the zero-delay case,
where the maxima of the two pulses coincide.

The splitting of the resonant harmonic near 10.2 eV dis-
appears when the pulses are temporally separated (black line
in Fig. 6(a)), confirming that the level shift of the 2p state
originates from the dynamical ac Stark shift induced by the
NIR field. In addition, the emission intensity near 10.2 eV
in the zero-delay case (green line) is lower than in the non-
overlapping case (black line). This is because, when the two
pulses fully overlap, the XUV pulse acts only as a weak probe
compared with the much stronger NIR field, leading to re-
duced resonant emission.

We further extract the resonant harmonic intensity from
Fig. 6(a) and present its delay dependence in Fig. 6(b). The
results show that the resonant harmonic emission decreases
markedly as the time delay is reduced from −5TNIR to 0, i.e.,
as the XUV pulse approaches the center of the NIR pulse.

To elucidate the underlying mechanism, we further
present the time-frequency distribution of the high-harmonic
emission driven by the two-color laser field at different time
delays. As shown in Fig. 7(a), the case of τd =−5TNIR exhibits
a clear temporal distribution of the signal at 10.2 eV. On the
rising and falling edges of the NIR pulse, where the instanta-
neous field strength is relatively weak, the dynamics are dom-
inated by resonant emission associated with the 2p–1s tran-
sition. In contrast, near the peak of the NIR pulse envelope,
strong-field ionization of the excited 2p state becomes signifi-
cant, increasing the above-threshold harmonic yield within the
three-step strong-field framework.

As shown in Figs. 7, the time delay decreases progres-
sively from panel (a) to panel (f). These time-frequency anal-
yses show that the resonant harmonic signal at 10.2 eV gradu-
ally weakens as the time delay decreases. Although the XUV
pulse still excites the system at shorter delays, the increasing
instantaneous NIR field rapidly ionizes the excited population.
This depletion of the 2p state reduces the population available
for resonant recombination, thereby suppressing the harmonic
emission near 10.2 eV.
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Fig. 7. Time-frequency distributions of high-harmonic emission at different time delays τd. The vertical axis denotes the photon energy, the
horizontal axis denotes time in units of the NIR optical cycle, and the color scale represents the logarithmic intensity of the harmonic emission.
Panels (a)–(f) correspond to time delays of −5TNIR, −4TNIR, −3TNIR, −2TNIR, −TNIR, and 0, respectively.

The splitting structure of the resonant harmonic should
not be interpreted as an instantaneous splitting of a single en-
ergy level. Instead, it arises from a temporal superposition
of emissions generated at different stages of the laser pulse.
On the rising and falling edges of the NIR pulse, where the
field intensity is relatively weak, the 2p level remains close to
its field-free position and contributes emission near the unper-
turbed resonance energy. Around the peak of the NIR pulse,

however, the stronger field induces a pronounced ac Stark shift
of the 2p level.

Since the high-harmonic spectrum is obtained by integrat-
ing over the full temporal evolution, these temporally sepa-
rated contributions are simultaneously mapped into the fre-
quency domain, resulting in a double-peak structure. This
mechanism is distinct from Autler–Townes splitting, which
typically arises from strong near-resonant coupling between
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two states and leads to the formation of dressed states with ap-
proximately symmetric energy separation around the field-free
level. In contrast, the ac Stark effect considered here originates
from off-resonant coupling and primarily induces energy shifts
rather than true level splitting.

Figure 8 shows the attosecond transient absorption spec-
tra as a function of the time delay. The absorption line near
10.2 eV becomes narrower as the delay increases. At a larger
negative delay of approximately −6TNIR, a new spectral fea-
ture emerges around 9.8 eV, which may arise from time-
dependent interference between XUV-induced excitation of
the 2p state and subsequent dressing dynamics induced by the
NIR pulse.

Furthermore, the spectral features associated with the
1s–2p transition are clearly visible at different time delays,
providing additional evidence of the level shifts of the NIR-
dressed states.
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Fig. 8. Calculated attosecond transient absorption spectra as a function
of the time delay τd. The time-delay step is 0.1TNIR. The XUV pulse has
an intensity of 1×1010 W/cm2, a wavelength of 120 nm, and a duration
of 10 optical cycles. The NIR pulse has an intensity of 1×1013 W/cm2,
a wavelength of 800 nm, and a duration of 12 optical cycles.

4. Conclusion
In summary, we have investigated resonance-enhanced

high-harmonic generation in atomic hydrogen driven by a
NIR field combined with a weak, resonant attosecond XUV
pulse. Through ab initio simulations of the three-dimensional
time-dependent Schrödinger equation, we demonstrate that an
XUV pulse tuned to the 1s–2p one-photon transition dramat-
ically enhances the harmonic conversion efficiency compared
with the NIR-only case. This enhancement is directly linked
to XUV-induced population and coherence in the 2p excited
state.

Furthermore, we observe a pronounced splitting of the
resonant harmonic emission near 10.2 eV. By systematically
varying the time delay between the XUV and NIR pulses and
analyzing the corresponding attosecond transient absorption
spectra, we attribute this splitting to a temporal superposition
of emissions generated at different stages of the laser pulse.

The splitting emerges only when the two pulses overlap tem-
porally, confirming its origin in laser-dressed atomic dynam-
ics.

The combined analysis of high-harmonic generation and
attosecond transient absorption spectroscopy provides a pow-
erful approach for probing laser-induced level shifts with high
spectral and temporal resolution. This framework may be ex-
tended to molecular systems in future studies.
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