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A B S T R A C T   

Optical poling of multimode graded-index fibers (GRIN) has emerged as a promising technique for creating 
periodic inscriptions of the second-order nonlinear optical susceptibility χ(2), enabling the generation of a second 
harmonic in silica fibers. In this work, we investigate the generation of multiple spectral peaks using a continuous 
broadband source in the infrared domain, generated in the same fiber by a femtosecond laser with a central 
wavelength different from the one used for the poling process. Building upon theoretical foundations, this work 
contributes at explaining how second and third-order nonlinear processes participate to the broad generation of 
the second harmonic in GRIN fibers.   

1. Introduction 

The concept of frequency conversion, with a particular focus on its 
application in optics, has garnered significant attention, especially 
within the realms of bio-imaging and microscopy, as well as related 
fields [1–3]. Fluorescence microscopy is one remarkable example that 
requires coherent light sources that can be tuned over the visible range 
[4], but unfortunately, there are not so many sources with these char-
acteristics. Multiple techniques serve the purpose of creating these 
sources like spectral combs [5], modulated supercontinuum lasers [6], 
or (more recently) by means of second harmonic generation (SHG) in 
quadratic nonlinear media [7]. 

Since the pioneering work of Franken et al., who reported SHG using 
a ruby laser and a quartz crystal [8], SHG has become a hot topic. The 
second harmonic generation (SHG) phenomenon relies on a specific 
non-centrosymmetric structural arrangement in the crystal lattice. This 
arrangement causes the nonlinear susceptibility χ(2) to lack independent 
irreducible tensor components, preventing centrosymmetric structures, 
such as silica, from displaying the SHG effect [9]. However, in 1986, 
Österberg and Margulis [10] discovered optical poling in single-mode 
fibers, resulting in SHG by breaking the centrosymmetry in the fiber 
core. 

Subsequently, Stolen et al. [11] proposed a model where the 

interaction between a fundamental frequency (FF) pump and a second 
harmonic (SH) seed generates periodic DC polarization via the 
third-order nonlinear optical susceptibility χ(3), enabling quasi-phase 
matching (QPM) between the two waves. This process can be attrib-
uted to electron charge motions that cause electric quadrupole and 
magnetic dipole moments [12,13]. Initially, SHG primarily occurred in 
the fundamental mode of the fiber, although a slight spatial refractive 
index change favoured emission in the LP11 mode [14]. The limitation of 
unconventional SHG in fiber has been attributed to competition with the 
Raman effect in single-mode optical fiber and the generation of geo-
metric parametric instabilities (GPI) in multimode fibers [15,16]. 
Recently, Gemechu et al. demonstrated improved SH conversion effi-
ciency through cascading in separately poled fiber segments, achieving 
an average power efficiency of 4.7% [17]. 

In 2017, Ceoldo et al. and Eftekhar et al. independently demon-
strated SHG in multimode graded index (GRIN) fibers. Despite multi-
mode propagation, they noted that the self-cleaning process, enabled by 
the high peak power of the fundamental pump wave, influenced the 
polarization process and led to self-organized SHG in the fundamental 
mode LP01. SH efficiency was significantly enhanced, reaching over 
6.5% even without prior seeding [18,19]. 

Beyond SHG from the pump fundamental beam, Ceoldo et al. 
demonstrated the formation of an unevenly spaced spectral peak set 
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around the SH wavelength. Sharp secondary peaks were observed near 
532 nm, originating from the SHG of a broadband pump at 1064 nm. 
This led to a combination of quadratic and cubic nonlinear effects. These 
experiments employed sub-nanosecond pulses, minimizing the impact of 
intermodal time delays and ensuring high conversion efficiency. 

Building upon the aforementioned discoveries, this study aims to 
broaden our understanding of SHG in multimode fibers by exploring the 
generation of tunable spectral peaks across the visible spectrum. We 
employed femtosecond lasers in optically poled fibers, specifically 
probing the poled fiber with a laser source centered at 1030 nm, a 
wavelength distinct from the one used in the poling process (1064 nm). 
This source undergoes broadening along the fiber, establishing a 
framework in which χ(2) and χ(3) processes cascade, akin to previous 
investigations [20]. While the theoretical foundation for this phenom-
enon has been previously explored in Ref. [18], the explanation for the 
observed harmonic peaks has only been partially addressed. 

In our work, we observe a discrepancy in the peak positions at the 
fiber output as we deviate from the central wavelength around the SH 
wavelength. Additionally, an unsatisfactory explanation is found con-
cerning the positions of certain low-power spectral lines that do not 
align with the QPM condition. These distinctive spectral features result 
from the coexistence of multiple longitudinal gratings in optically poled 
GRIN fibers obtained by the beating among multiple transverse modes at 
fundamental and SH wavelengths. The inscription of such a complex 
nonlinear structure, which varies along the transverse and longitudinal 
coordinates may also incorporate a path-average component of the χ(2). 

2. Experiment and data 

Our experimental set-up is illustrated in Fig. 1. The multimode GRIN 
fiber was purchased from Alcatel (50/125 μm) with a numerical aper-
ture of 0.2. The fiber was previously poled with a microchip laser at 
1064 nm following a standard technique [16]. 

The fiber length was 2 m. The chemical composition of the fiber core 
(expressed in terms of mass fraction (wt%)) was determined using a 
scanning electron microscope (SEM). The measured Si, Ge and O con-
tents at the center of the fiber are respectively 45 wt%, 15 wt% and 40 
wt%, showing in addition a smooth parabolic profile inside the core. 
This information was used to calculate the dispersion curves of the 
lowest order modes of the fiber. 

For broadband SHG, we used a femtosecond laser pump with a 
central wavelength at 1030 nm, bandwidth of 5 nm and repetition rate 
of 300 kHz. The chirp-free pulse duration was 250 fs, but pulses could be 
stretched up to 3 ps by a system of gratings. The differentiating factor of 
this experiment is the use of an ultrashort pump pulse with central 
wavelength and pulse duration slightly different from the laser we used 

for the poling process (transform limited pulses of 640 ps at 1064 nm). 
To analyze the output beam at the fiber end, we used two optical 

spectrum analyzers (OSA) covering the near infrared domain 
(900–1300 nm) and the visible region (400–600 nm). The output spectra 
were measured at different pump peak powers, from 10 kW to 180 kW 
(see Fig. 2). 

The spectrum at visible wavelengths presents a series of unevenly 
spaced peaks (Fig. 2a) as the pump power increases whereas the spec-
trum around the pump broadens in a more homogeneous manner under 
the effect of self-phase-modulation and soliton dynamics for wave-
lengths above 1.3 μm, (Fig. 2b). The majority of the peaks in the visible 
spectrum have narrow profiles (±3 nm). An in-depth examination of the 
results unveils that a series of high-amplitude peaks is interdigitated 
with a second series of peaks of lower amplitude, clearly seen in the two 
higher peak power curves (Fig. 2a). The efficiency is calculated by 
measuring the total output power carried by all the peaks in the visible 
range, and it is around 1% of the total energy input of the FF at 
maximum peak power (180 kW). This drastic downgrade in the effi-
ciency compared to previous authors’ achievements can be easily 
explained by the broadening nonlinear effects arising faster due to the 
temporal length of the pulse. Three key points can be underlined in such 
spectrum: i) none of the peaks are centered at the SH of the pump 
wavelength (515 nm), ii) the peak with the largest efficiency is centered 
at 532 nm (corresponding to the SH beam used for the poling process) 
and iii) peaks are not equally spaced. There are also other competing 
effects, for instance, the large peak at 480 nm is not originated by an 
equivalent quadratic nonlinearity but is likely generated by the Kerr 
effect in the frame of the GPI process [21]. 

In [18], a similar experimental setup was used, and an approximate 
collective approach was formulated to explain the phenomenon. In 
GRIN fiber, the collective beating of many modes results in the periodic 
modulation of refraction, forming a long period grating. This grating 
enables SHG of a broadband pump via QPM, interacting with the short 
beating between multimode FF and SH beams. To compute the 
short-scale period of the optical poling (Λ), in Ref. [18] it was considered 
the propagation constants at the fundamental wavelength (β(ω)), and at 
the second harmonic (β(2ω)) taking into consideration only the material 

Fig. 1. Scheme of the experimental set-up. Femtosecond laser source, power 
regulation by two half waveplates and a polarizer beam splitter (PBS), injection 
(L1) and collection (L2) lenses, optical fiber (GRIN-MMF), short pass filter 
(SPF), and optical spectrum analyzer (OSA). 

Fig. 2. (a) Spectra upon peak power in the visible domain close to the second 
harmonic of the pump. (b) Spectra upon peak power in the near 
infrared domain. 

M. Jonard et al.                                                                                                                                                                                                                                 



Optics Communications 569 (2024) 130831

3

dispersion. The second long-scale period was considered to originate 
from the self-imaging of azimuthally symmetric beams (Λs). The beating 
periodicity and the self-imaging period (Λ= 42.8 μm,ΛS = 590 μm)

were in good agreement with the experimental values obtained by using 
multiphoton imaging (Λ= 42μm,ΛS = 543 μm) of a part of the poled 
core fiber, as shown also in Fig. 3. 

The experimental analysis by SHG microscopy reported in Fig. 3 
shows that the optical poling in a multimode fiber is considerably 
different from the standard picture of periodically poled material such as 
lithium niobate. First of all, the optical poling varies along the transverse 
and the longitudinal coordinates of the fiber. Under the effect of the self- 
imaging process and Kerr’s nonlinearity, the beam at FF begins to self- 
clean [22] forcing part of the initial energy to converge towards lower 
order modes, while additional feeding of higher order modes is simul-
taneously observed [23]. Consequently, in the first part of the fiber, the 
coherent beating between the fundamental and SH multimode waves 
creates a complex nonlinear χ(2) distribution composed of several 
interleaved gratings with a dominant periodicity (see Fig. 3a). During 
the reading process, when the FF beam is injected again in such section 
of poled fiber, the SHG takes place with modes propagating along an 
intricated distribution of a quadratic susceptibility χ(2)(x,y,z), where we 
may also expect a nonzero path-average contribution. 

As light propagates further along the multimode fiber, the beam 
undergoes a spatial self-cleaning process. This process concentrates 
more power on low-order modes, resulting in a central bell-shaped beam 
against a multimode background dominated by high-order modes |23]. 
The multimode beam at FF continues to interact with the second har-
monic wave. A microscopic analysis reveals a more organized local 
inscription of the quadratic susceptibility at this stage. Although the 
low-power multimode background is minimized, its disappearance is 
not complete, contributing to a continuous component of the written 
nonlinearity. The appearance of the two main gratings can be explained 
by the dependency of the quadratic susceptibility to the transverse 
gradient of the FF beam shape [24] (Fig. 3b). 

The phase mismatch between fundamental and second harmonic, Δ 
β(ω) = β(2ω) − 2β(ω) being β(ω) = n0(ω)k0(ω). The propagation con-
stat of each frequency, was evaluated by considering only the material 
dispersion neglecting the waveguide contribution and was limited to 
standard silica glass (overlooking small shifts due to the exact nature of 
the fiber glass). The QPM equation to observe SHG was then: 

Δβ(ω) −
2π
Λ

− q
2π
Λs

=0 (1)  

where q is any integer number determining the harmonic resonance 
order. We validated the predictions of (Eq. (1)), by comparing them with 
experimental results in multiphoton microscope (see Fig. 3). Both short 
and long-scale periods contribute to the QPM, with the long-scale period 
responsible for the uneven distribution of multiple peaks due to the 
material dispersion. A deeper look into the transverse profile, after 

applying neural network denoising, shows that χ(2) is the highest in a 
circular shape (also seen as a tubular shape in the longitudinal cut) with 
a smaller central spot. The transversal distribution of the χ(2) suscepti-
bility could be attributed to the poling process involving many modes at 
the second harmonic. This circular shape overlays a homogenous base-
line of χ(2) in the core of the fiber, not seen in the cladding (Fig. 4). 

The analysis of Ref. [18] was limited to the self-imaging period of 
symmetric beams. However, there exist other modal combinations to 
satisfy the QPM condition, especially for skew rays with a zig-zag tra-
jectory twice as long as the self-imaging period Λs for azimuthally 
invariant modes. This intuitive reasoning underscores the necessity of 
employing modal analysis, as multiple additional pairs of propagation 
constants can potentially satisfy the phase matching condition. 

3. Theoretical approach 

In this work we aim at addressing the problem more fundamentally 
by considering the perfect phase matching condition using the exact 
propagation constants of each mode. To begin with, we consider the 
limit of weak conversion regime [25] between the second harmonic (SH) 
and fundamental frequency (FF) for the guided modes in GRIN fibers 
[26]. Both beams, SH and FF, can be expressed as the linear combination 
of modes: 

Eω(x, y, z)=
∑

k,n
akn(z)⋅Ψω

kn(x, y)⋅e
− jβkn

ω z (2)  

E2ω(x, y, z)=
∑

l,m
blm(z)⋅Ψ2ω

lm (x, y)⋅e− jβlm
2ωz (3)  

Where the electric fields Eω(x, y, z) and E2ω(x, y, z) are a function of their 
normalized eigenfunctions, Ψω

kn(x,y), Ψ
2ω
lm (x, y) and their related propa-

gation constants, βkn
ω and βlm

2ω. The (complex) amplitude of each mode is 
described by functions akn(z) for FF and blm(z) for SH. 

Expanding the equations for FF and SH in terms of guided modes 
allows us to compute the evolution of blm(z) and the impact of the cor-
responding phase matching condition: 

dblm

dz
= − j⋅(akn)

2 ⋅ flmkn(z)⋅e− jΔβlmknz (4)  

flmkn(z)=
∫∫

γ(x, y, z) ⋅ Ψ2ω
lm ⋅
(
Ψω

kn
)2dxdy (5)  

Δβlmkn =
(
2βkn

ω − βlm
2ω
)

(6)  

Where γ(x, y, z) represents the inscribed non-linear coefficient during the 
poling process (proportional to χ(2)), flmkn(z) is the coupling coefficient 
between two given modes l,m for the SH and k, n for FF, and Δβlmkn is the 
phase matching condition for these specific modes. We have simplified 
by considering only one mode in FF to avoid degeneracy (multiple mode 
convinations arising the same mismatch result); however, combinations 
involving two FF modes are also feasible, albeit with reduced coupling 
coefficients. We can make several reasonable assumptions: the FF is 
mainly carried by its fundamental mode, ∀ [k, n∕= 0, 0] akn = 0, and its 
power is almost constant over the propagation (undepleted pump), 
a00(z) ≈ a00. Thus equation (2) can be simplified to: 

Eω(x, y, z)= a00⋅Ψ ω
00(x, y)⋅e

− jβ00
ω z (7) 

Additionally, our total propagation length is far greater than the 
periodicity Λ of function flmkn(z) measured by multiphoton microscopy 
(∼ 42 μm). The nonlinear coupling function flmkn(z) can be expanded in a 
Fourier series, where the first term will represent the path-average value 
flmkn, and the second term will be responsible for the QPM with period Λ. 
In this work we will focus on the impact of the path-average component 
flmkn resembling the base line observed in Fig. 4 all over the core. These 

Fig. 3. χ(2) inscription obtained by multiphoton imaging. (a) Image in the first 
part (0–1 m) of the fiber with an incomplete self-cleaning process; (b) χ(2)
nonlinearity distribution with a self-cleaned beam at FF showing the upper part 
of the main two periodic gratings. Insets (left): images of the output FF beam 
leading to the poling process. 
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assumptions lead to the simplification of equations (4)–(6): 

dblm

dz
= − j ⋅ (a00)

2 ⋅ flm⋅e− jΔβlm00z (8)  

flm = flm00 (9)  

Δβlm =Δβlm00 =
(
2β00

ω − βlm
2ω
)

(10) 

We have simplified our notation to avoid the reference to the mode 
parameters of the FF as we consider only the fundamental mode. From 
equation (8), we derive the amplitude expression for a given mode under 
weak conversion, at a distance L: 

blm(L)≃ − j⋅(a01)
2 ⋅ flm ⋅ e− jΔβlm

L
2 ⋅2

sin
(

Δβlm
L
2

)

Δβlm
(11) 

So finally, the power carried by mode l,m at the SH could be written 
as: 

|blm(L)|2 ≃ |a00|
4 ⋅ |flm|

2⋅4
sin2

(
ΔβlmL

2

)

Δβ2
lm

(12) 

Using these modal amplitudes in equation (3), we calculate the 
power density of the SH at a given distance L. Additionally, these 
equations provide distinct insights: the coefficients flm delineate the 
spatial profile, while the phase matching condition defines the spectral 
distribution. The efficiency of SH conversion results from the combined 
action of these parameters, as described in equation (12). A similar 
approach was used by Hahn et al. [27] to explain frequency conversion 
in GaN and AlN slabs, observing an analogue set of preferred wave-
lengths for SHG in given slab waveguides. 

4. Data analysis 

These new phase matching combinations establish efficient wave-
lengths where SHG is locally maximized. As equation (6) approaches 
zero, it is possible to identify the wavelengths at which the SHG reaches 
its local maximum. In contrast with the approach in Ref. [18], in the 
present work we consider the presence of a constant or path-average 
quadratic susceptibility. To determine the new phase-matching curve, 
we calculate the propagation constants of desired FF wavelengths (near 
the pump due to spectral broadening) and identify the closest propa-
gation constants for SH modes. Fig. 5 illustrates an example of this 
matching process: when the FF mode’s propagation constant (yellow 
dashed) aligns with that of any SH mode (blue dotted) a maximum 
conversion efficiency is achieved (Δβlm = 0). In this figure the orange 
and yellow lines represent the refractive indexes of the core (n0) and 
cladding (n1) at their respective wavelengths. 

The propagation constants are function of the fiber geometry and 
material dispersion. In order to have a reliable dispersion curve we have 

calculated the core and cladding dispersion curves using available data 
for SiO2 and GeO2 [28,29] and used a Dale-Gladstone relation [30]: 

n2
0 − 1=

(
n2

Si − 1
)
xSi +

(
n2

Ge − 1
)
xGe (13)  

Where ni and xi are the refractive index and molar fraction of each 
element. From this equation and based on the measured profile, we 
calculate the propagation constants as function of the wavelength. The 
best conversion efficiency is always chosen as the minimum distance 
from the propagation constant of Ψω

00. The value of Δβlm and the QPM 
discussed in Ref. [18] are compared in Fig. 6 

Both approaches yield similar peak values, with this work addi-
tionally predicting an extra set of lower-amplitude peaks. Furthermore, 
a shift in peak positions is observed as we move away from the SH of the 

Fig. 4. Detection of the χ(2) distribution in a poled fiber after self-cleaning. The image is obtained by multiphoton imaging in the core of the fiber; a) raw data, b) 
filtered data, c) residuals. 

Fig. 5. Effective indices of the fiber modes in the visible spectrum. The solid 
orange curve is the cladding refractive index (n1), the yellow dashed curve 
represents the effective index of mode Ψω

00 mode of the FF and the blue dotted 
curves are the effective indices of the other guided modes for SH. Vertical 
dashed lines and green dots highlight the best matching conditions and the 
mode level (l + m). 

Fig. 6. QPM condition using the inscription periodicity match from (eq. (1)) 
(blue) and our intermodal phase-matching (red). The dashed line shows the 
limit for core guided modes in the SH. Red semi-transparent bars show the 
coupling coefficients (eq. (12)) for the 5 central wavelengths. 
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pump carrier wavelength, in our case 515 nm. 
These similar results could be explained interpreting [18] as an 

approximation of the model proposed in the present work. In order to 
arrive there, we need to expand equation (6) for a GRIN fiber, where the 
propagation constant of a mode l,m at a given wavelength is described as 
follows: 

βl,m =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

n2
0k2

0 −
k0n0

R
̅̅̅̅̅̅̅
2Δ

√
[(2l + 1) + (2m + 1)]

√

(14)  

Where n0 is the refractive index at the center of the core, k0 is the free- 
space wavenumber at a given wavelength, R is the radius of the core and 
Δ =

(
n2

0 − n2
1
)
/2n2

0 is the relative refractive index difference with n1 

being the refractive index of the cladding. On top the explicit form of the 
propagation constants, we should apply two approximations: first, the 
modes being considered are far from the cutoff, low values of l, m, 
leading equation (14) into: 

βl,m ≃ n0k0

(

1 −
1
2

̅̅̅̅̅̅̅
2Δ

√

Rn0k0
[(2l+1)+ (2m+1)]

)

(15) 

The second approximation assumes nearly achromatic relative 
refractive index difference, hence Δ(ω) ≃ Δ(2ω). Using this second 
approximation, we can combine equations (15) and (6) to obtain the 
phase matching condition between two modes in a GRIN fiber. As ex-
pected in an optical fiber, eq. (15) shows that the propagation constant 
βl,m of the guided mode l,m is lower than the propagation constant of a 
plane wave in the center of the core n0k0. This difference arises from a 
term depending on Δ,R, l,m. The phase mismatch for SH generation in 
eq. (6) can be rewritten as follows: 

Δβl,mk,n ≃ 2β(ω) − β(2ω) −
̅̅̅̅̅̅̅
2Δ

√

2R
[2[(2k+1)+ (2n+ 1)]

− [(2l+1)+ (2m+1)]] (16)  

Where β(ω) = n0(ω)k0(ω). We can now compare this approach to the 
equation proposed by Ceoldo and coworkers in Ref. [18] shown in 
equation (1) to obtain QPM. We can easily identify how the first two 
terms of the right-hand side of eq. (16) are the phase mismatch Δβ(ω) of 
SHG referred to two plane waves at ω and 2ω in a homogenous medium 
(core). The last term in eq. (16) is an integer multiple of the momentum 
provided by the period 2ΛS, where ΛS 

is the self imaging period for radially symmetric beams
(
2π /ΛS =

2
̅̅̅̅̅̅̅
2Δ

√
/R
)
. Constant (h) arises from the possible combinations of (l,m,k,

n), it is consistent with the parameter q ∈ Z found by Ceoldo et al…when 
h = 2q generalizing for any mode (not limited to radially invariant 
modes). 

Δβl,mk,n ≃ Δβ(ω) − h
2π
2Λs

(17.a)  

h=(l+m) − 2(k+ n) − 1 (17.b) 

The major difference between equations (6) and (1) is then the 
momentum of the QPM of order 1 arising from the poling period Λ not 
considered in equation (6). Equation (1) demonstrates that in a medium 
with doubly periodic quadratic susceptibility, SHG can occur via QPM 
involving many pairs of modes at FF and SH. In contrast, equation (6) 
illustrates that in a multimode fiber, modal phase matched SHG can be 
achieved through selected pairs of guided modes even in a medium with 
longitudinally constant component of the quadratic nonlinearity. It is 
also worth noting that the approach shown here only considers guided 
modes, resulting in a lower wavelength limit when the cladding index at 
the SH is higher than the core index at the FF (dashed light blue line in 
Fig. 6). 

In order to compare this multimodality arising from the intermodal 
SHG, Fig. 7 shows the spatial profile of the three most intense peaks 

(measured experimentally) proving their multimodal nature and how all 
of them are different in shape (different l,m involved). Here, coupling 
coefficients align with phase matching conditions, ensuring optimal 
conversion in modes with higher coupling coefficients. This alignment 
results in the observed interspersing of high (dashed grey) and lower 
(dashed red) peaks. These coefficients were calculated from equation (9) 
and adding all the squares for the degenerated modes, modes with the 
same propagation constant. As it is shown in Fig. 6 (bars), these co-
efficients show an alternating due to the symmetry properties of the 
modes involved in the conversion, manifesting as interdigitated higher 
(l+ m = 2p) and lower peaks (l+ m = 2p+ 1). 

In Fig. 8, it is shown both the spectrum obtained with the 200 kW 
peak power of the pump (in order to observe maximum broadening) and 
the predicted peak positions considering both intermodal phase- 
matching and the coupling coefficients obtained by the propagation of 
each wave present in the experimental pump. As said before, we have 
considered that all the power Pexp(ω) at FF is carried by the fundamental 
mode, Pexp(ω) = |a00(ω)|2. Despite expectations of a more speckled 
beam due to modes near cutoff, the observed pattern cleaning could be 
attributed to linear mode coupling or cross-phase modulation (XPM) 
interactions with FF [31]. The presence of the low order modes can be 
also explained by the concurrent SHG conversion supported by the QPM 
of order 1. 

Using both approaches, we can now properly predict not only the 
position of the peaks (almost a perfect match with the experimental 
data), but also the alternating between high and lower peaks. Although 
the last peak (478 nm) is predicted, it already corresponds to cladding 
modes, which should not be present due to the lack of overlap with the 
fundamental beam. We may speculate that this peak originates from the 
GPI in the fiber. Despite these accurate predictions, there are still some 
discrepancies, such as the asymmetric width of the higher peaks. This 
asymmetry could arise from mode coupling with the periodic grating 
created by the χ(2) inscription (not considered in this study), cross-phase 
modulation interactions with the FF, or other processes not included in 
the present model 

Fig. 7. Spatial profile of the three main peaks of the SH conversion (dot-dashed 
grey lines) and the lower set of peaks (dashed red lines). 

Fig. 8. Qualitative prediction (red) and experimental (blue) intensities for the 
SH spectrum. Dashed vertical lines indicates efficient peaks. 
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5. Conclusions 

In this study, we expanded upon previous researches, investigating 
the creation of a set of spectral peaks over the visible spectrum in an 
optically poled multimode GRIN fiber with femtosecond lasers using a 
distinct fundamental pump wavelength from the one used for poling. 
Through systematic experimentation, we observed the emergence of 
several intense spectral peaks with sharp secondary peaks surrounding 
532 nm, stemming from pump spectral broadening in the infrared range. 
This spectrum exhibited distinct traits: uneven wavelength distribution 
and two sets of varying intensity peaks. The introduction of intermodal 
phase matching improved our understanding of the appearance and 
intensity variations of these peaks. 

Our findings deepen comprehension of nonlinear dynamics in opti-
cally poled multimode GRIN fibers and shed light on generating narrow 
spectral peaks with different pumping schemes and set wavelengths 
while maintaining short pulse duration, similar to that of the original 
source. The ability to generate specific invariant peaks regardless of the 
pump source used in the poling process opens new practical applica-
tions. Furthermore, the improved theoretical framework enhances our 
capacity to describe and predict this frequency conversion process and 
determine a priori the position of the characteristic peaks knowing the 
geometry and doping of the fiber. The unique spectral characteristics 
and versatility of these fiber-based sources offer promising prospects 
across multiple fields, including spectroscopy, biomedical imaging, and 
telecommunications. 
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