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Abstract: This study presents a COMSOL Multiphysics-based finite-element workflow for steady-state modeling of second harmonic
generation (SHG) in potassium titanyl phosphate. The electromagnetic fields at the fundamental frequency 𝜔 and the second-harmonic
frequency 2𝜔 are solved in the frequency domain with explicit nonlinear polarization source terms, and the resulting photon flux
trends are benchmarked against the standard depletion-included slowly varying envelope approximation under an idealized phase-
matched condition (Δk ~ 0). Two pump wavelengths (1064 nm and 808 nm) and their corresponding SHG wavelengths (532 nm
and 404 nm) are investigated, together with parametric variations of input intensity and an effective nonlinear coefficient used in
the model. The results provide spatial field maps and photon flux evolution in a reproducible finite-element method setup; reported
high conversion levels should be interpreted as upper-bound trends within the simplified, lossless benchmark assumptions rather than
direct bulk experimental performance predictions. The present work can serve as a practical starting point for later extensions toward
tensor-resolved, dispersion-aware, and fully three-dimensional SHG models.
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1. Introduction

Second harmonic generation (SHG) is a cornerstone process
in the field of nonlinear optics, where two photons at the same
fundamental frequency (𝜔) interact within a nonlinear medium
to produce a single photon at twice the frequency (2𝜔) or half
the wavelength. This frequency-doubling mechanism is essential
in many advanced photonic applications, including high-efficiency
laser systems, frequency-agile light sources, biomedical imaging
techniques, fiber-optic communication, and quantum informa-
tion processing [1–5]. A well-known example is the conversion
of infrared laser light into the visible spectrum, which allows for
expanded wavelength coverage in compact laser systems [6, 7].

However, realizing efficient SHG in practical systems presents
several challenges. High optical intensities are required to stimu-
late nonlinear polarization, and phase-matching conditions must
be strictly maintained to ensure constructive interference of the
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generated second harmonic wave [8, 9]. Moreover, the nonlinear
crystal must exhibit favorable properties such as large second-order
nonlinear coefficients [10], low absorption across the operating
wavelengths [11], and high resistance to laser-induced damage [12,
13]. Potassium titanyl phosphate (KTP) crystals fulfill many of
these criteria, making them highly attractive for SHG, especially
in high-power or pulsed laser systems. Their broad transparency
range, high thermal conductivity, and excellent phase-matching
capabilities support their widespread adoption of commercial and
research-grade optical frequency converters [14, 15].

Despite these material advantages, optimizing SHG systems
using KTP requires a detailed understanding of the internal
electromagnetic interactions that occur within the crystal. Tra-
ditional approaches to modeling SHG have often been limited
to analytical formulations, such as those based on the slowly
varying envelope approximation (SVEA) [16, 17] or simplified
geometrical ray-tracing techniques. While these provide founda-
tional insights, they do not capture the full spatial and spectral
complexity of SHG [18], particularly when dealing with high-
intensity fields, non-uniform beam profiles, and realistic boundary
conditions [19, 20].

The present study employs COMSOL Multiphysics, a finite-
element analysis platform, to simulate the SHG process in
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KTP crystals within an idealized benchmark framework. Using
the Wave Optics Module in frequency-domain mode, we solve
Maxwell’s equations for the fundamental and second harmonic
fields under nonlinear coupling conditions. In the present imple-
mentation, nonlinear polarization source terms are introduced in
a spatially resolved 2D frequency-domain model using an effective
scalar treatment for the modeled polarization component [21–23].
By simulating two-dimensional field propagation in the KTP crys-
tal, we examine benchmark trends showing how input intensity,
nonlinear coupling strength, and fundamental wavelength influ-
ence the field evolution and photon flux behavior within the stated
assumptions [24, 25].

Unlike studies based only on analytical treatment, the present
work combines numerical simulation with benchmarking against
analytical results derived from SVEA. This comparison is used
here as a consistency check for the implemented benchmark for-
mulation under matched assumptions, rather than as proof of
full physical realism or device-level validation. The field plots and
photon flux distributions generated in COMSOL are therefore
interpreted as spatially resolved benchmark results that follow
the expected qualitative SHG trends, including depletion of the
fundamental wave and growth of the harmonic field [16–19].

Furthermore, COMSOL provides a practical environment
for exploring parameter variations that would be more time-
consuming to test experimentally. Within the present benchmark
assumptions, the simulations show that the SHG trend strength-
ens with increasing input intensity and with the effective nonlinear
coupling parameter and that the 808 nm case exhibits faster
photon flux evolution over the same interaction length than the
1064 nmcase. These observations should not be generalized directly
to device-level performance without including full dispersion,
tensor anisotropy, walk-off, absorption, and damage-threshold
constraints. This study therefore demonstrates the usefulness of
COMSOL-based modeling as a transparent benchmark workflow
for visualizing nonlinear optical trends and for supporting future
extensions toward more realistic nonlinear-device simulations.

In this work, the primary contribution is a reproducible
COMSOL implementation template for coupled 𝜔 and 2𝜔 full-
wave fields using explicit nonlinear polarization source terms,
together with spatially resolved field visualizations and a bench-
mark comparison to the well-known phase-matched SVEA
solution. The study is presented as an idealized benchmark case
(effective scalar deff, Δk ≈ 0, no linear loss, and 2D geometry)
to enable direct comparison with analytical predictions; exten-
sions to full tensor-rotated KTP anisotropy, birefringent phase
matching, and 3D beam propagation are discussed as future
work. Even within this simplified scope, the model remains useful
because it provides a clear teaching and benchmarking frame-
work for setting up coupled 𝜔 and 2𝜔 simulations in COMSOL.
It also helps visualize how the fundamental and harmonic fields
evolve spatially within the simulated geometry, which is harder
to see from compact 1D analytical expressions alone. In this
sense, the present work can serve as a practical starting point
for later extensions toward tensor-resolved, dispersion-aware, and
fully three-dimensional SHG models.

2. COMSOLMultiphysics Simulation of SHG

2.1. Methodology

COMSOL Multiphysics was employed with the Wave Optics
Module operating in the frequency domain to model SHG
in KTP crystals. The goal is to simulate the full nonlinear

electromagnetic interaction between the fundamental and second
harmonic fields with spatial and spectral accuracy. The modeling
sequence, outlined conceptually in Figure 1, was implemented in
a stepwise workflow: defining crystal geometry, assigning mate-
rial properties, applying electromagnetic wave equations, coupling
via nonlinear polarization terms, generating the mesh, solv-
ing Maxwell’s equations, and finally post-processing electric-field
results.

Figure 1
Simulation workflow for SHGmodeling in KTP using COMSOL

To simulate SHG, nonlinear polarization source terms were
added to the governing Maxwell’s equations in an effective
scalar form for the modeled polarization component (2D, Ey).
The nonlinear polarizations are written as Py(2𝜔) = 2𝜀0 deff
[Ey(𝜔)]2 for SHG generation and Py(𝜔) = 2𝜀0deffEy(2𝜔)Ey

*(𝜔)
for depletion/back-coupling. In COMSOL, these polarizations are
implemented as equivalent current sources Jy(Ω) = −iΩPy(Ω) in
the respective frequency-domain interfaces (Ω = 𝜔 or 2𝜔). This
coupled-source steady-state formulation is used here as an ideal-
ized benchmark for comparison with the phase-matched SVEA
model.

To emulate an open domain and reduce reflections at the
outer boundaries, we used COMSOL’s Scattering Boundary
Condition, which functions as an absorbing (open) boundary
condition (ABC) for outgoing waves (alternatively, a perfectly
matched layer (PML) can be used for stronger absorption). The
computational domain was meshed with a physics-controlled
mapped mesh to ensure adequate spatial resolution across the
nonlinear interaction region, and the overall workflow (geometry,
materials, interfaces, coupling, solvers, and post-processing) was
verified for consistency using SVEA trends as a baseline [26].

Boundary conditions (open/absorbing): To approximate an
unbounded domain, the outer boundaries were assigned an
outgoing-wave absorbing condition. In electromagnetic form, this
can be written as a first-order Sommerfeld-type condition on
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the tangential field: n × (∇ × E(Ω)) = i k(Ω) n × (n × E(Ω)),
where n is the outward unit normal and k(Ω) = nr(Ω)·Ω/c is
the wavenumber in the surrounding medium. This condition
is applied consistently for both Ω = 𝜔 (fundamental) and Ω
= 2𝜔 (second harmonic). In COMSOL, this is implemented via
the built-in Scattering Boundary Condition, which functions as
an absorbing/open boundary (ABC). For stronger absorption
(especially for oblique components), a PML can be used as an
alternative.

Sequential frequency-domain strategy: The present formula-
tion is numerically useful because it allows the nonlinear source
terms at 𝜔 and 2𝜔 to be implemented in a transparent and repro-
ducible way within the COMSOL environment. At the same time,
we stress that this approach is used here as a steady-state bench-
mark strategy and not as a replacement for a fully self-consistent
broadband time-domain treatment. Accordingly, the reported
finite element method (FEM)–SVEA agreement is interpreted as a
consistency check of the implemented coupling framework under
matched assumptions rather than as a complete proof of global
energy exchange accuracy for realistic pulsed SHG.

Numerical accuracy: To assess numerical reliability, we per-
formed mesh-refinement checks by increasing the mesh density
(elements per wavelength) in the nonlinear interaction region
and verifying that the field-map features and photon flux trends
remained stable. Residual numerical error is primarily associated
with discretization and the sequential coupled-source frequency-
domain strategy; the reported results are therefore interpreted
as benchmark trends under the stated assumptions discussed in
Table 1.

Phase matching and wave-vector mismatch: In this bench-
mark study, we consider an idealized phase-matched condition
with Δk = k2𝜔 − 2k𝜔 ≈ 0, as mentioned in Table 1, so that the

FEM results can be directly compared with the standard closed-
form SVEA expressions used in Equations (1) and (2). A full
birefringent KTP treatment would require (i) dispersion relations
(Sellmeier equations) to compute n(𝜔) and n(2𝜔) and (ii) rotation
of the 𝜒(2) tensor to a chosen crystal cut and polarization con-
figuration (Type-I/Type-II) to determine the relevant dij and deff;
these extensions are outside the scope of the present benchmark
and are noted for future work.

A range of simulation parameters was explored, as summa-
rized in Table 2. The two fundamental wavelengths used, 1064 nm
and 808 nm, correspond to commonly used laser sources, and
their associated SHG wavelengths were 532 nm and 404 nm.
Input intensities of 30 MW/m² and 50 MW/m² are used as steady-
state (CW-equivalent) intensity levels to set the field amplitudes in
the frequency-domain model; for ultrashort pulses, these values
would correspond to an effective peak intensity, and a time-
domain treatment would be required to capture temporal effects
such as group-velocity mismatch. Two values of an effective non-
linear coefficient deff were used to evaluate the sensitivity of the
SHG trends to nonlinear coupling strength. The chosen deff val-
ues should be regarded as effective model parameters for the
implemented source term (not a direct mapping to a specific
KTP tensor element without an explicit orientation/polarization
configuration), as summarized in Table 3.

This full-wave, frequency-domain simulation approach offers
several advantages over simplified models within the scope of
the present benchmark study: it provides spatially resolved field
evolution, beam propagation behavior in the simulated 2D slice,
depletion trends, and interference features [27]. In particular, it
allows direct visual observation of electric-field evolution and
energy transfer between the fundamental and SHG components
under the stated assumptions. As a result, the present modeling

Table 1
Comparison between the standard SVEA description and the present FEM benchmark workflow

Feature SVEA Present FEM benchmark

Model type 1D analytical coupled-wave
description

2D frequency-domain numerical workflow with explicit nonlinear
source terms

Main strength Fast analytical benchmark for
photon flux evolution

Provides spatial field maps and a reproducible COMSOL
implementation pathway

Boundary treatment Usually implicit or simplified Includes explicit computational geometry and open-boundary
treatment

What it does not capture Detailed spatial field distributions
in the simulated cross-section

Full tensor anisotropy, rigorous Δk calculation for a specific cut,
full 3D propagation, and time-domain pulse effects are not yet
included

Table 2
Parameters used in COMSOL modeling

Parameter Value(s) Description𝜆1 1064 nm, 808 nm Fundamental wavelength

f1 c/𝜆1 Frequency of the fundamental wave

f2 2f1 Frequency of the SHG wave𝜆2 532 nm, 404 nm SHG wavelength

d 1.0 × 10–18, 1.4 × 10–18 Effective nonlinear coefficient deff used in source term (SI scaling parameter;
m/V)

I1 30 MW/m2, 50 MW/m2 Input intensity (steady-state/CW-equivalent level)

L 1.7776 × 10–5 m Length of nonlinear region
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Table 3
Summary of key model assumptions used in the present benchmark formulation

Assumption Why used here Limitation/consequenceΔk ≈ 0 (idealized phase matching) To enable direct comparison with
standard phase-matched SVEA
expressions

Not a quantitative phase-matching calculation
for a specific KTP cut or polarization state

Effective scalar d_eff To implement nonlinear source cou-
pling in a simple 2D benchmark
form

Does not represent full tensor-rotated 𝜒(2)
anisotropy of KTP

2D geometry To keep the model computationally
manageable and visually clear

Does not capture full 3D beam structure,
second transverse diffraction, or walk-off

Lossless medium To isolate benchmark SHG trends
without additional dissipative
effects

May overestimate conversion trends relative to
practical devices

CW-equivalent input intensity To define steady-state field ampli-
tudes in the frequency-domain
formulation

Does not include ultrashort-pulse effects such
as temporal walk-off or spectral broadening

Sequential coupled-source frequency-
domain solve

To provide a transparent and repro-
ducible numerical workflow in
COMSOL

Not equivalent to a fully coupled broadband
time-domain energy-conserving treatment

strategy is best viewed as a reproducible benchmark workflow
that may serve as a starting point for later, more realistic design-
oriented models rather than as a complete predictive tool for
crystal selection or device optimization.

2.2. Analysis and discussion

Model scope and limitations: The simulations are performed
in 2D as a planar slice to provide clear visualization and
manageable computational cost. As a consequence, diffraction
in the second transverse dimension, full 3D mode structure,
and birefringent walk-off are not captured. The present results
are therefore interpreted as benchmark trends under idealized
assumptions (effective scalar deff, Δk ≈ 0, lossless medium) rather
than direct predictions for a specific 3D bulk KTP device.

Figure 2(a) shows the corresponding distribution of the fun-
damental wave at 1064 nm. The field intensity is high near the
input surface of the crystal and gradually decreases along the
propagation direction. This decay in field strength directly indi-
cates energy being transferred from the fundamental wave to
the second harmonic wave through the nonlinear process. The
pattern near the source displays stronger oscillations and higher
electric-field values, which diminish as the wave progresses, reflect-
ing the conversion of optical energy into the SHG field. This
dynamic illustrates the fundamental principle of SHG, where
the pump wave loses intensity in favor of the newly generated
frequency-doubled component.

In contrast, in Figure 2(b), which corresponds to the SHG
field at 532 nm, the electric field exhibits a well-defined peri-
odic pattern extending uniformly across the width of the crystal.
The alternating red and blue fringes denote constructive and
destructive interference regions, signifying a coherent and effi-
cient generation of the second harmonic wave. The spatially
regular pattern indicates that the benchmark assumes an ide-
alized phase-matched condition (Δk ≈ 0), leading to effective
frequency doubling within the crystal. The intensity remains con-
sistent throughout the propagation length, confirming a stable
nonlinear interaction. Figure 2(c), representing the fundamental

wave at 808 nm, also displays a distinct field intensity pattern, with
high values concentrated near the input and gradually decreasing
as the wave propagates through the medium. This again confirms
the progressive transfer of energy to the SHG field. Due to the
higher frequency, the oscillations are more tightly spaced com-
pared to, reflecting the shorter wavelength of the wave. The fine
structure in the field profile illustrates the impact of dispersion and
wave vector mismatch on the spatial properties of the interaction.
Figure 2(d) displays the second harmonic field at 404 nm, showing
a highly periodic and coherent field pattern throughout the crys-
tal. The regularity and uniformity of the pattern suggest efficient
generation and propagation of the second harmonic wave within
the assumed phase-matched benchmark (Δk ≈ 0). The increased
frequency results in finer spatial oscillations, which are visible in
the denser fringe pattern compared to its lower-frequency coun-
terpart. This clearly illustrates the wavelength dependence of SHG
efficiency and propagation behavior.

Figure 2 illustrates the spatial evolution of the fundamen-
tal and second harmonic fields along the propagation direction
in the benchmark configuration. The maps qualitatively show
energy transfer from the fundamental wave to the generated sec-
ond harmonic through the nonlinear coupling term, and they
provide spatial context that is not available from 1D coupled-wave
expressions alone. In this work, these field maps are used primar-
ily for visualization and consistency checking under the assumed
phase-matched condition (Δk ≈ 0).

The simulation results are benchmarked using the SVEA [19]
to derive analytical expressions for photon flux density. These
spatial maps are useful because they show where depletion of the
fundamental field and buildup of the harmonic field occur within
the simulated geometry. This visual information complements the
SVEA curves by linking the photon flux trends to the field dis-
tribution inside the computational domain. Photon flux densities
were calculated to quantify energy conversion using the following
relations in Equations (1) and (2):

For a fundamental wave,

Φ1 (x) = Φ1 (0) sech2 (𝛾x/2) (1)
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Figure 2
Normalized electric-field intensity maps (proportional to |E|², in arbitrary units) inside the KTP region for (a) fundamental wave at

1064 nm, (b) SHG wave at 532 nm, (c) fundamental wave at 808 nm, and (d) SHG wave at 404 nm

For the second harmonic wave,

Φ2 (x) = 1/2 × Φ1 (0) tanh2 (𝛾x/2) (2)

where 𝛾 is the gain coefficient given by 𝛾 = 8 (deff)2 (Z0)3 𝜔3 I1(0)
[19] and Z0 denotes the wave impedance of the medium (for a
non-magnetic dielectric, Z0 ≈ Zvac/n).

Figure 3 compares the crystal’s 1064 nm and 808 nm electric-
field intensities. The blue curve represents the fundamental field
in each case, while the green curve corresponds to the SHG field.
At the beginning of the interaction (near x = 0), the fundamental
wave dominates with high-amplitude oscillations, while the SHG
wave is initially weak. As the waves propagate, the amplitude of
the fundamental field gradually decreases while the SHG field
increases, indicating an efficient nonlinear frequency conversion
process. Notably, the SHG field reaches a saturation level, where
its growth stabilizes, indicating the limit of energy that can be
transferred under phase-matched conditions.

Figure 4 illustrates the evolution of the photon flux density of
the fundamental and second harmonic waves along the x-direction
within the crystal for two different input intensities: 30 MW/m²
and 50 MW/m², respectively. The red lines show the photon flux
density of the fundamental wave, and the cyan lines show the
photon flux density of the second harmonic wave. Comparing the

two figures reveals that at 50 MW/m² input intensity, the SHG
buildup begins earlier and reaches a higher amplitude compared
to the 30 MW/m² case, thereby confirming that stronger input
intensities lead to earlier and more efficient SHG conversion due
to higher nonlinear interaction strength.

Figure 5 further extends this investigation by analyzing the
photon flux density of both waves by changing the value of
the nonlinear coefficient, which effectively changes the nonlin-
ear response of the crystal. These graphs include both simulated
data points and theoretical predictions based on the SVEA [15,
16], allowing for a direct comparison of numerical accuracy. The
red and cyan lines represent SVEA results, while the blue and
green markers denote the fundamental and SHG wave simula-
tion results. Figures 5(a) and (c) correspond to a lower nonlinear
coefficient (denoted as d), and Figures 5(b) and (d) use a higher
value of nonlinear coefficient (d), but the length of the nonlin-
ear region remained the same, 1.7776 x 10−5 m. In both cases,
the plots exhibit a characteristic exchange in photon flux: the
fundamental photon flux decreases exponentially, while the SHG
photon flux rises until it reaches saturation. Importantly, the
figures demonstrate that a larger nonlinear coefficient enhances
the crystal polarization response, significantly boosting the SHG
photon flux density and leading to more effective energy trans-
fer. This confirms theoretical expectations that SHG efficiency is
directly proportional to the square of the nonlinear coefficient,
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Figure 3
Electric-field intensities comparison for (a) fundamental (1064 nm) and second harmonic wave (532 nm) and (b) fundamental (808 nm)

and second harmonic wave (404 nm)

Figure 4
Photon flux density of 808 nm at (a) 30 MW/m2 and (b) 50 MW/m2. Photon flux density of 1064 nm at (c) 30 MW/m2 and

(d) 50 MW/m2
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Figure 5
Photon flux density of 808 nm at (a) d = 1 x 10−18 C/V2 and (b) d = 1.4 x 10−18 C/V2. Photon flux density of 1064 nm at (c) d = 1 x

10−18 C/V2 and (d) d = 1.4 x 10−18 C/V2

emphasizing the importance of material selection and optimiza-
tion for frequency conversion applications.

These results are discussed here in the context of benchmark
SHG trends in KTP, a material known for strong nonlinear opti-
cal performance and favorable phase-matching behavior. Within
the present model, the variation of input intensity and effec-
tive nonlinear coupling parameter helps illustrate how energy
is redistributed between the fundamental and harmonic fields
under steady-state (CW-equivalent) excitation. These observa-
tions are intended to provide qualitative and semi-quantitative
guidance within the benchmark framework, while more realistic
optimization of SHG output would require a fuller treatment of
crystal orientation, anisotropy, dispersion, absorption, and 3D
propagation.

Photon conversion efficiency was found to approach 50%
only within the idealized benchmark conditions used in this
study. Here, the photon conversion efficiency is defined as𝜂photon = Φ2/Φ1(0). Under the idealized lossless, phase-matched
SHG benchmark (Δk ≈ 0), depletion-included SVEA predicts
an asymptotic upper bound Φ2 → 0.5 Φ1(0). Therefore, values

approaching 50% in this manuscript should be interpreted as an
upper-bound trend of the benchmark model rather than a direct
bulk experimental efficiency for an 18 μm KTP crystal.

Figure 6 presents a comparative analysis of SHG efficiency
between two fundamental wavelengths, specifically 808 nm and
1064 nm, using photon flux density as the key metric. These plots
are crucial in understanding the wavelength dependence of non-
linear optical processes in KTP crystals. In both figures, the blue
diamonds represent the simulated photon flux density of the fun-
damental wave, while the green diamonds show the corresponding
SHG wave. The red and cyan lines indicate theoretical photon
flux densities for the fundamental and SHG waves. As in ear-
lier figures, the general trend reflects the conservation of energy:
the fundamental wave gradually loses photons as the wave prop-
agates, while the SHG wave gains photons, reaching a saturation
level beyond which further conversion is minimal.

Despite the visual similarity in the shape and pattern,
Figure 6 focuses on how the input wavelength influences the
SHG trends within the benchmark model. Specifically, Figure 6(a)
corresponds to the fundamental wavelength of 808 nm, while
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Figure 6
Photon flux density profiles for both fundamental and second harmonic waves at (a) 808 nm and (b) 1064 nm, showing good agreement

between simulation (Sim) and SVEA results

Figure 6(b) represents the 1064 nm case. Within the steady-state,
phase-matched (Δk ≈ 0) and lossless assumptions used here, the
808 nm case shows faster depletion of the fundamental photon
flux and a more rapid increase of the SHG photon flux over the
same interaction length, consistent with the corresponding SVEA
trends. These comparisons are intended as a consistency check
between the FEM workflow and the analytical benchmark under
matched assumptions, rather than a direct optimization statement
for a particular 3D bulk device where additional effects (e.g.,
walk-off, diffraction, absorption, damage threshold) would need
to be included.

3. Conclusion

This study presents a COMSOL-based finite-element work-
flow for steady-state modeling of SHG in KTP using coupled𝜔 and 2𝜔 frequency-domain electromagnetic solves with explicit
nonlinear polarization source terms. The methodology (Figure 1)
is intended as a step-by-step template that enables reproducible
setup of geometry, materials, wave interfaces, nonlinear cou-
pling, and post-processing. The simulations illustrate how SHG
trends depend on input wavelength, intensity level, and the effec-
tive nonlinear coupling parameter used in the model, and they
provide spatial field maps together with photon flux evolution
along the propagation direction. Benchmark comparisons with
depletion-included SVEA expressions under the same idealized
phase-matched assumption (Δk ≈ 0) show consistent trends, serv-
ing as a numerical cross-check of the implemented coupling
strategy. Because the present study is a 2D, lossless benchmark
with an effective scalar deff and without birefringent walk-off
or full tensor-rotated anisotropy, the reported high conversion
levels should be interpreted as upper-bound trends within the sim-
plified model. Future extensions will incorporate explicit KTP
tensor orientation, dispersion-based Δk evaluation, and 3D beam
propagation to support direct device-level predictions.

A natural next step of this work is to extend the present
benchmark formulation toward a more realistic device-level
model. In particular, future studies should incorporate Sellmeier-
based refractive indices, explicit tensor rotation of the 𝜒(2)
coefficients, specific Type-I or Type-II phase-matching configura-
tions, three-dimensional beam propagation, pulsed time-domain

effects, and direct comparison with experimental measurements.
Such extensions would allow the present workflow to evolve from
a benchmark visualization framework into a more predictive
modeling tool for practical SHG design in KTP.
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