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Abstract: We observe attraction, repulsion and energy exchange between 

two self-trapped beams in a heavy-metal-oxide glass exhibiting a Kerr-like 

response with multiphoton absorption. The coherent interaction between 

spatial solitons is controlled by their relative phase and modeled by a 

nonlinear dissipative Schrödinger equation. 
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1. Introduction 

The propagation and interaction of self-trapped optical beams or bright spatial solitons have 

intrigued the scientific community for decades [1–7]. Solitons in more than one transverse 

dimension undergo catastrophic beam collapse in Kerr media [1,2]; hence, stabilizing 

mechanisms such as saturation or nonlocality, are required for stable propagation [4–7]. Due 

to the intrinsic instability of two-dimensional (2D + 1) Kerr solitons, several nonlinear 

materials cannot be employed for their propagation in bulk, despite the growing attention on 

soliton based all-optical devices [8–14]. In general, glasses with an ultrafast purely Kerr 

response are in the category of unsuitable materials for 2D + 1 solitons and, due to their small 

nonlinearity, require pulsed excitations with high intensities. 

Interactions between solitons have been investigated in various systems [13,15–27]. 

Hereby, based on the results we recently obtained in high index glasses of the heavy-metal-

oxide (HMO) family Nb2O5-PbO-GO2 [28] with the aid of three-photon absorption at 

wavelengths around 800nm [29,30], we investigate the interaction of two coherent 2D + 1 

soliton-like beams in such dissipative medium [25,31,32]. By controlling the relative phase of 

the self-trapped beams excited with picosecond pulses in the first telecom spectral window, 

we observed repulsion, attraction and energy exchange; the overall transmittance showing the 

fingerprint of three photon absorption. 

2. Experimental setup and model 

We used single 25 ps pulses produced at 800nm by a 10Hz repetition-rate optical parametric 

generator. The beam was spatially filtered to the fundamental TEM00 mode. Polarizing optics 

and half-wave plates allowed adjusting both peak power (energy) and polarization. Two 

parallel copropagating beams were obtained in a Mach-Zehnder arrangement and their relative 

phase was controlled with a tilted thin glass slide. The beams were gently focused to a waist 

of 13µm on the input facet of a 25Nb2O5-25PbO-50GeO2 mol% glass sample of thickness 

5.75mm, in order to allow a propagation length exceeding four Rayleigh lengths along z. 

Images of the output beam were acquired with an infrared enhanced CCD camera through a 

microscope objective. Dual channel boxcar averager and computer controls were used to filter 

out the noise as well as undesired pulses of energy outside the prescribed range. 
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Laser beam propagation in optical dielectrics with a Kerr response and dissipation can be 

described by a nonlinear Schrödinger equation with a corrective term for three-photon 

absorption (3PA) [25,29,30]: 
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with A = A(x,y,z) the slowly varying amplitude of the electric field E(x,y,z,t) = 

½A(x,y,z)exp(ikz-iωt) + cc, k the wavenumber, η0 the vacuum impedance, n0 the refractive 

index; n2 is the Kerr coefficient as in n(I) = n0 + n2I, with I the intensity and β3 is the 3PA 

coefficient as defined by 3

3
/I z Iβ∂ ∂ = − . For the numerical simulations we employed a (2D + 

1) beam propagator with a standard Crank-Nicolson scheme and Gaussian spatio-temporal 

excitation, using 15 2

2
5 10n cm W−= × /  and 4 3 2

3
4 10 cm GWβ −= × /  as best fit values [29]. 

3. Self-trapped beams and their interaction 

Self-trapped beams in a Kerr system with nonlinear absorption can propagate if excited by a 

power close to the material dependent critical value PCR = λ
2
/2πn0n2 [33]. For lower powers 

the beam diffracts, for higher powers it looses part of its energy through nonlinear absorption 

and then reshapes and diffracts into a Bessel-like beam [24]. Figure 1 shows typical output 

profiles of a single beam propagating in the HMO sample for various peak-power excitations 

corresponding to P<PCR, P ≈PCR and P>PCR, respectively. 

 

Fig. 1. Nonlinear beam propagation in a 5.75mm-long sample of HMO: input (leftmost 

photograph) and output beam profiles for input peak power P<PCR (linear diffraction at 0.1µJ, 

power P≈PCR (self-trapping at 3.2 µJ), power P>PCR (beam reshaping at 4 µJ). 

We observed soliton-like beam formation for excitations close to 3.2µJ, corresponding to a 

peak power of 118kW. The measured single beam transmission versus input energy, plotted in 

Fig. 2, pinpoints the presence of a 3PA process, in agreement with the model Eq. (1) and 

consistent with previous measurements in HMO [28,29]. Spatial solitons corresponded to 

losses not exceeding 20% (i.e. transmission ≥ 80%). 
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Fig. 2. HMO transmission versus input energy/pulse for a single beam excitation. Symbols and 

error bars refer to data and the solid line is a fit based on Eq. (1) and the parameters indicated 

in the text. 

We investigated the interaction between two pulsed beams versus input pulse energy, 

initial separation and relative phase. The strength of the interaction was controlled by the 

separation and its nature by their relative phase. We show hereby our experimental results for 

an initial transverse distance of 40µm. By controlling the relative phase, attraction or 

repulsion or energy transfer between the self-trapped beams could be observed. 

 

Fig. 3. Attraction of in-phase 3.2µJ self-trapped beams for a 40µm initial separation. (a) CCD-

acquired and (b) numerically simulated output profiles of individual (first two rows) and 

interacting solitons (bottom); (c) Corresponding measured and calculated transverse profiles 

along x; (d) simulated evolution of the two solitons in the plane xz. (e) Simulated evolution of 

in-phase self-trapped beams for 70µm initial separation, 3.2µJ excitation and propagation over 

5cm: the merging generates a single self trapped beam with no sidelobes. 

When the solitons are in phase they attract each other, until they eventually coalesce: Fig. 

3(a) displays the experimental results for P ≈PCR along with the simulated behaviour in Fig. 

3(b) according to Eq. (1). Figure 3(c) compares actual and simulated transverse profiles. 

During coalescence, the exceeding energy is radiated sideways around the solitons, as 

apparent in the numerical evolution displayed in Fig. 3(d) and in the data at the bottom of Fig. 

3(a). At excitations higher than 5µJ, optical damage occurred near the output facet of the 

sample. Owing to the dissipative nature of the medium, an individual self-trapped beam can 

be obtained by properly choosing the interaction strength (i.e. the input separation) and the 
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propagation length, as shown by the simulation in Fig. 3(e) for the same excitation but a larger 

initial separation and a longer propagation length. 

For an input relative phase of π the 3.2µJ/pulse solitons repel one another, as visible in 

Fig. 4: after 5.75mm the distance between the beams along x increases from 40 to 80µm. 

 

Fig. 4. Repulsion of π out-of-phase self-trapped beams excited by 3.2µJ pulses for 40µm initial 

separation. (a) CCD-acquired and (b) numerically simulated output profiles of individual (first 

two rows) and interacting solitons (bottom); (c) Corresponding measured and calculated 

transverse profiles along x; (d) simulated evolution of the two solitons in the plane xz of 

propagation. 

The HMO transmission versus total input energy for two-beam excitations is plotted in 

Fig. 5 for both mutual attraction and repulsion, respectively. The nonlinear losses of two 

interacting beams of given input energy always exceed those of single (or non-interacting) 

beams of equal energy, as expected due to the coherent nature of the interaction and the 

nonlinear dependence of 3PA on the intensity. Even in the case of repulsion, the initial 

proximity of the launched beams causes 3PA to be larger than in the one beam case (Fig. 2). 

For intermediate values of the relative phase, energy exchange between the solitons was 

observed. For the same initial separation and energy as in Fig. 3 and Fig. 4, at relative phases 

of π/2 or 3π/2 the self-trapped beam which is phase-delayed with respect to the other spills 

and accumulates energy, eventually growing in intensity. Figure 6 shows experimental results 

in good agreement with the numerical simulations. 

 

Fig. 5. HMO transmission versus input energy/pulse for two identical interacting beams with 

relative phase φ = 0 and φ = π, respectively. Symbols are data and lines are fits based on Eq. 

(1). 
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Fig. 6. Energy exchange between self-trapped beams excited by 3.2µJ pulses and launched in-

quadrature with a 40µm separation. (a) CCD-acquired and (b) numerically simulated output 

profiles of individual (first two rows) and interacting solitons out of phase by π/2 (third row) or 

3π/2 (last row); (c) Corresponding measured and calculated transverse profiles along x. 

Simulated evolution in the plane xz for solitons out of phase by (d) π/2 and (e) 3π/2. 

4. Conclusions 

In conclusion, we investigated the nonlinear interaction of self-trapped beams in a heavy-

metal-oxide glass of the ternary system Nb2O5-GeO2-PbO, exciting solitons in the first 

window for fiber optical communications, i.e. in a spectral region where three-photon 

absorption provided transverse stabilization. We observed attraction, repulsion and energy 

exchange by controlling the relative phase of two coherent beams launched with a modest 

separation to allow their coherent interaction. The results, modeled with a nonlinear 

Schrödinger equation corrected for three-photon absorption, reveal the fingerprints of 

multiphoton losses with moderate propagation losses (~20%), making this ultrafast glass 

system a good candidate for soliton based interconnects. 
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