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Abstract 

In this study, high-order harmonic generation was investigated under the combined influence 
of three enhancement schemes: a plasmonic-enhanced two colour field, modulated polarization 
gating, and a static electric field. Numerical simulations based on the one-dimensional time-
dependent Schrödinger equation (1D-TDSE) were carried out to analyze the influence of field 
inhomogeneity, polarization modulation, and electron trajectory control on harmonic spectra. 
The analysis demonstrates that an increase in the inhomogeneity parameter, together with 
precise tuning of the polarization angle, produces extended harmonic cut-offs and more intense 
bursts near peak field cycles. The introduction of a static electric field further improved the 
harmonic conversion efficiency, while the combined application of all three mechanisms yields 
harmonic spectra characterized by two distinct plateaus, broadened spectral bandwidths, and 
significantly higher emission yields. A high harmonic cut-off reaching the 600th order is 
observed in the first plateau, while the second plateau extends beyond the 1550th order. Time-
frequency spectrograms reveal well-defined harmonic bursts and high-energy electron 
recollisions contributing to this extension. These findings confirm that the synergy of 
polarization gating, plasmonic field enhancement and static field confinement offers a robust 
pathway for generating bright and broadband extreme ultraviolet (XUV) continua, which are 
essential for advancing attosecond pulse generation and ultrafast spectroscopy. 
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I. INTRODUCTION 

he quest to understand and manipulate ultrafast dynamical 
processes in matter on ever-shorter timescales has driven 

significant progress in the field of ultrafast physics. Among 
the most transformative developments is high-order harmonic 
generation (HHG), a nonlinear process in which a strongly 
focused laser field interacts with matter [1–4], producing 

coherent radiation at frequencies that are integer multiples of 
the fundamental laser frequency [1, 2, 5]. Over the past 
decades, HHG has been studied extensively, both 
experimentally [6–9] and theoretically [10–12], owing to its 
ability to generate extreme ultraviolet (XUV) light [5, 13], soft 
X-rays [14, 15], and attosecond pulses [16–20]. Attosecond 
pulses, which last less than one attosecond (10⁻¹⁸ s), represent 
one of the most significant advances in laser science, enabling 
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unprecedented insights into the fundamental principles of 
light–matter interactions [18]. In particular, the generation of 
isolated attosecond pulses through HHG [19, 20] has attracted 
wide interest because of its potential applications in 
attosecond spectroscopy [19–21] and in probing ultrafast 
electronic and structural dynamics in atoms [1, 2] and 
molecules [22–24]. Despite these advances, HHG remains 
severely limited by its intrinsically low conversion efficiency. 

One approach to attosecond pulse generation is to employ 
intense multi-cycle laser fields and subsequently select 
multiple harmonics within the plateau region [16]. To address 
the limitations in efficiency, several enhancement techniques 
have been proposed, including the use of plasmonically 
enhanced laser fields [25–28] and static electric fields [25, 29, 
30]. In plasmonic enhancement schemes, the motion of 
electrons can be steered using two or more laser pulses of 
different wavelengths combined into a complex driving field 
[31]. This approach eliminates the need for additional 
amplification cavities [16, 32] while simultaneously 
enhancing local field intensities by more than 20 dB [33]. As 
a result, HHG can be achieved even below the typical 
threshold intensity of ~10¹³ W/cm². The technique is not only 
relatively simple and cost-effective [28, 34], but it has also 
found applications in fields ranging from the study of ultrafast 
chemical dynamics [1, 2, 35] to efficient high-order harmonic 
production [34]. 

The application of a static electric field has also been shown 
to significantly influence HHG efficiency. When applied 
along the laser polarization axis, the static field suppresses the 
transverse spreading of the electron wave packet [25, 29, 30, 
and 36]. For instance, a study of HHG from a helium ion 
model driven by a two colour field composed of a fundamental 
pulse and its second harmonic, demonstrated the generation of 
a super continuum spectrum, albeit with relatively low 
spectral intensity [25]. Upon introducing a static electric field, 
however, the ionization yield of electrons contributing to 
harmonic emission was dramatically increased. This 
modification enhanced the quantum pathways of HHG, 
resulting in an extended and intensified super continuum with 
a bandwidth of approximately 170.5 eV [25]. 

Although HHG in rare gases has been widely proposed as a 
compact tabletop source of coherent XUV radiation [1, 37, 
38], gaseous media inherently suffer from low conversion 
efficiency due to their irregular structure and relatively low 
density [39]. This shortcoming is a critical obstacle in 
applications that demand high photon flux. According to the 
semi classical three-step model of HHG, first established over 
30 years ago [39], the strong laser field distorts the atomic 
potential barrier, allowing tunnel ionization. The liberated 
electron then oscillates along the laser polarization axis and, 
upon recombination with the parent ion, emits its excess 
energy as XUV radiation. The intensity of the resulting XUV 
signal depends not only on this microscopic process but also 
on the macroscopic phase matching between the driving laser 
field and the generated harmonics [15]. 

This work investigates the enhancement of HHG in neon gas 
through the simultaneous implementation of three 
complementary schemes: plasmonic-enhanced two colour 
fields, polarization gating, and the application of a static 
electric field. The study further demonstrates that both the 
intensity and spectral characteristics of high-order harmonics 
can be effectively manipulated by tuning the laser polarization 
orientation, adjusting the inhomogeneity parameter, and 
incorporating a static electric field into the interaction.  

II. THEORETICAL MODEL 

This study employed numerical simulations to generate 
harmonic spectra by solving the one-dimensional time-
dependent Schrödinger equation (1D-TDSE). The 1D-TDSE 
effectively captures the essential physics of strong-field 
interactions between the driving laser field and the atomic 
electron, while reducing computational complexity [40]. The 
equation is given as follows.  

ቂ𝑖
డఅ(௫,௧)

డ௧
= 𝐻(𝑥, 𝑡)𝛹(𝑥, 𝑡)ቃ (1)                                                                                             
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is a soft-core potential and 

   xtxEtxV xl ,,   is the potential due to electron 

interaction. The soft core parameter α was chosen to be 0.1195 
to match the ground ionization potential of neon atom which 
is 0.7925 a.u (21.6 eV).  

The x component of the inhomogeneous field is given by: 
𝐸௫(𝑥, 𝑡) = 𝐸௫ (𝑡)൫1 + 𝜀௫(𝑥)൯ (3)                                                                           
Here the parameter x defined the strength inhomogeneity of 
the laser field along the x direction [41]. 

The electric field of the x component of the two colour field 
is given as: 
𝐸(𝑡) = (𝛽𝐸௢ + 𝐸௢[𝑓ଵ(𝑡) cos൫𝜔௢𝑡 + 𝜑(𝑡)൯ +

𝑓ଶ(𝑡) cos൫2𝜔௢𝑡 + 𝜑(𝑡)൯]𝑒௫   (4) 
Here β is the ratio of the static electric field and the laser field, 
Eo is the amplitude of laser field, while  f1 (t) and f2 (t) represent 
the pulse envelopes.  

The split-operator method [42] was used to solve (1). To 
avoid incorrect reflections from the boundaries, the electron 
wave-function was multiplied by a mask function at each time 
step [43]. The neon atom was in the initial (ground) state 
before the laser is turned on. The ground state is obtained by 
imaginary time propagation with the soft-core potential. Once 
the electron wave function ψ (x, t) is obtained, the time-
dependent dipole acceleration along x direction was calculated 
by the Ehrenfest theorem [44]. 
𝑎௫(𝑡) =  −ൻ𝜑(𝑥, 𝑡)หൣ𝐻(𝑥, 𝑡), [𝐻(𝑥, 𝑡), 𝑥]൧ห𝜑(𝑥, 𝑡)ൿ (5)                                                 

The HHG spectrum was obtained by Fourier transforming 
time-dependent dipole acceleration given as; 
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Time-frequency analysis by means of wavelet transform (WT) 
is used to analyze the numerically generated HHG spectrum 
[43]. The equation is given as; 
𝐴(𝑡, 𝜔) = ∫ 𝑑௔(𝑡) √𝜔𝑊[𝜔(𝑡ᇱ − 𝑡)]𝑑𝑡ᇱ (7)                                                   
Where da is the time dependent dipole acceleration and  
𝑊[𝜔(𝑡ᇱ − 𝑡)] is the mother wavelet. A natural choice of the 
mother wavelet is given by the mother Morlet wavelet; 

𝜔𝑊[𝜔(𝑡ᇱ − 𝑡)] =
ଵ

ටగ
భ
మఙ

exp (𝑖𝜔(𝑡ᇱ − 𝑡) exp ቀ
ିఠమ(௧ᇲି௧)మ

ଶఙమ
ቁ          (8)                                                                                                                      

Here,  is the Gaussian width which was set to be 2. 
The study finally obtained the isolated attosecond pulse by 

superposing several harmonic orders as;  

ቂ𝐼௫(𝑡) = ห∑ 𝑆௤௫௤ 𝑒௜௤ఠ௧𝑑𝑡ห
ଶ

ቃ                   (9)

                                                                            Where q is the harmonic order (the harmonic orders derived 

by performing an inverse Fourier transformation of the XUV 
super continuum in different spectral regions). 

III. RESULTS AND DISCUSSIONS 

Fig. 1(a) presents the components of the generated 
harmonic spectrum in a homogeneous two colour field for 
varying polarization angles (θ): 0.2π (blue line), 0.4π (red 
line), and 0.6π (green line). Fig. 1(b–d) display the 
corresponding frequency-time distributions for the harmonic 
spectra shown in Fig. 1(a). The other optimized parameters are 
as follows: Fundamental wavelength, E₀ = 700 nm, Control 
wavelength, E₁ = 2000 nm, Fundamental field intensity, I₀ = 
8.5 × 10¹⁴ W/cm² and Control field intensity, I₁ = 7.65 × 10¹⁴ 
W/cm². 

 
Fig. 1. (a) The components of the generated harmonic spectrum in the homogeneous two colour field for different 

polarization angles and (b)-(d) the corresponding time frequency distributions for the generated harmonic spectrum. 

In this simulation, only the polarization angle (θ) is varied, 
while both the inhomogeneity parameter (ε) and the static 
electric field (β) are kept constant at zero. Fig. 1(a) shows that 
when the polarization angle, θ = 0.2π (blue line), the spectrum 
exhibits the broadest plateau and the highest cut-off, extending 
beyond 1000th harmonic orders, indicating favorable 
conditions for electron excursion and recombination. As the 

polarization angle increases to 0.4π, the cut-off decreases 
slightly, though the plateau remains pronounced, suggesting 
partial suppression of long trajectories. At 𝜃 = 0.6𝜋, the cut-
off drops further to about 850th harmonic orders, and the 
spectrum becomes more irregular, reflecting destructive 
interference between electron trajectories. The spectrum 
observations are confirmed by the frequency-time 



PHYSICSAccess Onsure et al. 

VOLUME 05, ISSUE 02, 2025 33 ©DOP_KASU Publishing 

   
 

distributions in Fig. 1(b), (c), and (d), which correspond to the 
spectrum for the polarization angles of 0.2π, 0.4π, and 0.6π, 
respectively, as observed in Fig. 1(a). Fig. 1(b) reveals a sharp, 
intense burst of high-order harmonics around 4.8 optical 
cycles labeled as peak P1. This emission rapidly extends 
beyond the 1000th harmonic order, indicating interaction at 
peak laser intensity. The narrow, chirped structure suggests 
efficient electron acceleration and recombination, 
characteristic of cut-off harmonics and potential attosecond 
pulse generation. The steep rise in frequency reflects the 
strong temporal gradient of the driving field. After 5.5 o.c, the 
emission weakens and shifts to lower orders due to decreasing 
field strength and ionization effects. This localized peak 
demonstrates the nonlinear dynamics governing high-
efficiency HHG near the pulse maximum. Fig. 1(c) shows a 

spectrogram with harmonic peak P2, which is slightly less 
energetic compared to peak P1, suggesting electron path 
interferences. The spectrogram in Fig. 1(d) reveals a less 
energetic and lower-reaching high-order harmonic burst, peak 
P3, compared to the previous harmonic peaks P1 and P2. The 
peak emission occurs around 4.6 optical cycles, reaching up to 
about 850th harmonic order, with broader time-frequency 
spread and reduced intensity. The plateau is more pronounced 
at lower orders, between 100–300 harmonic orders, and post-
peak emission (after 5 o.c) is stronger. Compared to the 
spectrogram in Fig. 1(c), the cut-off extends to lower orders 
and shows less localization, indicating reduced driving field 
intensity or less efficient phase matching. From the 
observations made, the polarization angle, θ = 0.2π is 
considered as optimal for the next simulations. 

 
Fig. 2. (a) The component of the generated harmonic spectrum in the inhomogeneous two colour field for different 

inhomogeneity parameters and (b), (c) and (d) the corresponding time frequency distributions for the generated harmonic 
spectrum. 

Fig. 2(a) displays the components of the generated 
harmonic spectrum for a two colour field with plasmonic 
enhancement, achieved by varying inhomogeneity parameter 
ε. The corresponding frequency-time distributions are shown 
in Fig. 2(b–d). Here, only the inhomogeneity parameter ε is 
varied, while, all other parameters are maintained as in Fig. 
1(a): E₀ = 700 nm, E₁ = 2000 nm, I₀ = 8.5 × 10¹⁴ W/cm², I₁ = 

7.65 × 10¹⁴ W/cm², θ = 0.2π (optimized) and β = 0 (static 
electric field remains zero).  

The harmonic spectrum and corresponding time-frequency 
spectrograms demonstrate the significant impact of the 
inhomogeneity parameter ϵ on high-order harmonic 
generation. The spectrum presents three curves for 𝜖 =
0.0001, 0.0003, and 0.0005, where increasing ϵ leads to a 
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significant extension of the harmonic cut-off from below the 
1000th order (red curve) to beyond the 1400th order (blue 
curve). This trend indicates enhanced electron acceleration 
and energy gain under stronger field conditions, consistent 
with the semi-classical three-step model of HHG. The 
spectrograms offer time-resolved insight into these spectral 
differences. For 𝜖 = 0.0001, the harmonic burst, peak P4 is 
weaker and terminates near the 1000th order. The emission is 
relatively broad in time and shows limited vertical extension, 
implying lower efficiency and a narrower cut-off region. 
At 𝜖 = 0.0003, the second spectrogram displays a more 
pronounced and temporally confined burst, peak P5 near 5.0 
optical cycles, reaching above the 1200th harmonic order. This 
suggests stronger interaction and better phase matching. 

For 𝜖 = 0.0005, the final spectrogram exhibits the most 
intense and vertically extended harmonic burst, peak P6, 
reaching nearly the 1400th order. The structure is sharp and 
narrow in time, consistent with a highly localized emission 
near the peak laser field. This behaviour matches the broad, 
flat plateau and extended cut-off in the blue spectral curve, 
confirming efficient HHG and possibly isolated attosecond 
pulse generation.  

Collectively, these results demonstrate that increasing the 
inhomogeneity parameter enhances both the efficiency and 
temporal localization of high-order harmonic generation. This 
enables higher-order emission and provides improved control 
over ultrafast light sources. 

 
Fig. 3. (a) The component of the generated harmonic spectrum in the inhomogeneous two colour field with static electric field 

and (b-d) the corresponding time frequency distributions for the generated harmonic spectrum. 

The results in Fig. 3(a) show the component of the 
generated harmonic spectrum when using inhomogeneous two 
colour fields for different values of the static electric field 
while Fig. 3 (b)-(d) show the corresponding time frequency 
distributions for the harmonic spectrum. Here, all other 
parameters are maintained as those used in Fig. 2 but inclusive 
of the optimized inhomogeneity parameter, ε = 0.0005. The 
harmonic spectrum illustrates the effect of a static electric 

field (quantified by β) on high-order harmonic generation. 
Three values are considered: β=5(red line), β=10 (green line), 
and β=15 (blue line). As the strength of the static field 
increases, there is a marked enhancement in both the harmonic 
yield and the cut-off energy. For β=5, the harmonic plateau 
extends up to approximately the 1250th harmonic order, 
beyond which a rapid decline in yield occurs. Increasing the 
static field to β=10 shifts the cut-off to about the 1400th order, 
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indicating greater electron acceleration and recombination 
energies. At 𝛽 = 15, the cut-off reaches nearly the 1600th 
harmonic order, with a notably extended and flatter plateau, 
reflecting more efficient and prolonged HHG.  

The static electric field plays a crucial role by modifying the 
electron trajectories after ionization. A stronger static field (β) 
biases the continuum dynamics, allowing electrons to gain 
more energy before recombining with the parent ion. This 
leads to both higher-energy photon emission and improved 
phase matching conditions. The trend is consistent with time-
frequency analyses, where higher static fields produce 
sharper, more energetic bursts of harmonic emission. 

The three spectrograms presented in Fig. 3(b)-(d) 
correspond directly to the harmonic spectra shown earlier in 
Fig. 3(a), where the static electric field strength is varied 
as 𝛽 = 5, 10, and 15. Each spectrogram reveals the temporal 
dynamics of high-order harmonic generation, providing 
insight into the timing and frequency distribution of harmonic 
bursts responsible for the observed spectra. In all three cases, 
a prominent harmonic burst appears around 5 optical cycles 
(o.c.), indicating the primary ionization-recollision event 
responsible for the highest energy harmonics. As β increases, 
both the intensity and frequency range of the harmonic burst 
extend significantly. For 𝛽 = 5 as observed in Fig. 3(b), the 
burst, peak P7 reaches a maximum frequency of about the 
1250th harmonic order. When β is increased to 10 as seen in 
Fig. 3(c), the harmonic cut-off extends to approximately the 
1450th order with harmonic peak P8. At the highest value, 𝛽 =
15 (Fig. 3 (d)), the burst, peak P9, reaches the 1600th order, 
consistent with the cut-off observed in the corresponding 
spectrum. This trend reflects the role of the static electric field 
in modifying the electron trajectories during HHG. A stronger 
static field (higher β) increases the potential energy of the 
ionized electron and enhances its acceleration, allowing it to 
gain more kinetic energy before recombination. 
Consequently, this results in a higher harmonic cut-off and a 
broader plateau in the spectrum. Furthermore, the bursts are 
temporally localized, mainly occurring around 5 o.c., 
regardless of β. However, the intensity and duration of the 
bursts increase with β, as evidenced by the stronger and more 
extended high-frequency structures in the spectrograms. This 
implies that the static field not only increases the maximum 
photon energy but also improves the efficiency of HHG by 
enhancing phase-matching and electron return conditions. 

Generally, the spectrograms illustrate how increasing the 
static field strength β enhances both the harmonic cut-off and 
the efficiency of HHG. The harmonic bursts become more 
intense and extend to higher frequencies, consistent with the 
observed spectral cut-offs observed in the corresponding 
spectra. 

IV. CONCLUSION 

In conclusion, our analysis demonstrates the significant 
influence of both the polarization angle (θ), inhomogeneity 
parameter (ε) and the static electric field strength (β) on the 

high-order harmonic generation process. The harmonic 
spectra indicate that lower polarization angles and increased 
inhomogeneity enhance the harmonic cut-off, shifting the 
maximum yield toward higher harmonic orders. This spectral 
broadening correlates with the time-frequency spectrograms, 
which show intense and temporally localized harmonic bursts 
occurring around 5 optical cycles (o.c.), where the highest-
energy recollision events dominate. The addition of a static 
electric field (β) further extends the harmonic cut-off, as 
evidenced by both the spectra and spectrograms. The cut-off 
increases from the 1250th to approximately the 1600th order, at 
𝛽 = 5 and 𝛽 = 15, respectively, reflecting enhanced electron 
kinetic energy due to the static field. Spectrograms confirm 
that stronger static fields not only increase cut-off energy but 
also intensify harmonic bursts and improve HHG efficiency. 
Overall, the combined effects of polarization angle, 
inhomogeneity and static field strength offers a powerful 
means of controlling harmonic generation, enabling the 
production of broader and more intense extreme ultraviolet 
spectra, which are vital for attosecond pulse generation and 

ultrafast spectroscopy.  
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