Laser Spectral Characteristics for Various Modern Fiber Optic Cavity Layouts

[bookmark: _GoBack]












Introduction
Laser spectra play a vital role in the performance and effectiveness of laser systems across various applications, including scientific [1], industrial [2], and medical fields [3]. They determine the wavelengths, central frequencies, and bandwidths at which lasers emit light, which directly impacts laser-matter interactions. Different materials, such as biological tissues, gases, and solid targets, have unique optical absorption properties. For biomedical applications such as tissue imaging and laser surgery, lasers must operate within the optical therapeutic window, which ranges from 700 to 1100 nanometers. This spectral region allows deeper light penetration into tissues and reduces scattering, making it ideal for medical use [4].  In gas spectroscopy and sensing, the laser spectrum must match the absorption profiles of target molecules in the mid-infrared range (2–5 µm) to enable accurate detection and analysis. In the realm of optical communications, controlling the laser spectrum in the C-band (1530–1625 nm) and L-band enables higher data transmission rates and minimises signal degradation, as these bands are compatible with low-loss silica fibers [5].
The laser spectrum is also a key factor in ultrafast photonics, where short pulse durations in the picosecond-to-femtosecond range require broad spectral bandwidths. This relationship is critical for applications such as time-resolved spectroscopy, multiphoton microscopy, and terahertz generation, all of which demand high temporal resolution and nonlinear light-matter interactions [6]. The spectral characteristics of the laser influence the selection of nonlinear optical materials for pulse generation, including graphene [7], black phosphorus (BP) [8], transition metal dichalcogenides (TMDs), organic material [9, 10], and metal oxides [11], each with unique nonlinear absorption properties and operational spectral ranges [12-15]. A mismatch between the laser spectrum and the absorber's response range can result in inefficient modulation, unstable pulse generation, or reduced performance. Therefore, laser spectra are not passive attributes; they actively determine laser system design, material selection, and the feasibility of specific applications [16-18]. Spectral control enables precise management of energy delivery, penetration depth, and wavelength tuning, establishing the laser spectrum as a critical parameter in modern photonics.
Ultrafast Lasers Spectra
[bookmark: _Hlk233311714]In laser pulse generation, the spectrum refers to the set of wavelengths or frequencies that constitute the pulse [19]. The Fourier transform principle establishes the relationship between pulse duration and spectral width: a shorter pulse in the time domain corresponds to a broader spectrum in the frequency domain [20, 21]. The time-bandwidth product quantifies this relationship and defines the minimum achievable pulse duration for a given spectral width. Ultrashort pulses, including picosecond and femtosecond pulses, require a correspondingly broad optical spectrum [22, 23]. This principle is fundamental in the design of mode-locked lasers and ultrafast optical systems, where precise control of spectral properties is essential to achieve the desired temporal characteristics [24].
The gain medium of a laser fundamentally determines the initial spectral bandwidth available for pulse generation. Variations in material composition alter the gain bandwidth through their specific energy transitions. Rare-earth-doped fibres or crystals with narrow gain bandwidths limit the achievable pulse duration, while materials with broader gain profiles support the generation of ultrashort pulses [25]. The gain spectrum establishes the fundamental constraints on laser output. Mode competition within this bandwidth produces distinct spectral shapes. A broader gain bandwidth allows for more longitudinal modes within the cavity, resulting in a wider spectrum and shorter pulses during mode locking [26, 27].
Nonlinear optical effects contribute to spectral broadening during the formation of laser pulses. As intense pulses propagate through nonlinear materials, such as fibres or crystals, they generate new spectral components. Self-phase modulation (SPM) alters the refractive index in response to pulse intensity [28], while additional effects, including Raman scattering [29], cross-phase modulation [30], and four-wave mixing [31], further expand the spectrum. These nonlinear phenomena are essential for supercontinuum (SC) generation, pulse shaping and broadening within laser cavities and external pulse compression [32].
Spectral filtering and dispersion control are employed to refine and stabilise the laser pulse spectrum. Devices such as saturable absorbers (SA), chirped mirrors, prism pairs, and fibre Bragg gratings (FBG) selectively transmit or reflect specific wavelengths, thereby shaping the final spectrum and pulse profile [33, 34]. The dispersion characteristics of the laser cavity or external optics influence the phase relationships among frequency components, affecting both the spectrum and pulse duration [6]. Accurate dispersion management is essential for preserving the coherence and compressibility of broad spectra, especially in femtosecond lasers. In summary, the laser pulse spectrum results from the interplay of gain, nonlinearity, dispersion, and filtering, all of which require precise adjustment to achieve stable, high-quality pulses.
Ultrafast Lasers Spectra Types
The laser spectrum reveals the underlying mechanisms governing pulse formation and propagation within a laser cavity. Spectral shapes are strongly influenced by the interplay of dispersion, nonlinearity, gain, loss, and cavity configuration. Transform-limited pulses in low-intensity or dispersion-balanced systems typically exhibit a symmetric Gaussian spectrum, indicating minimal nonlinear effects. In soliton lasers, a sech² spectral profile is a hallmark of fundamental soliton operation. This spectrum arises from the balance between anomalous dispersion and self-phase modulation (SPM), producing stable, nearly chirp-free pulses. At higher pulse energies, higher-order solitons form and display breathing dynamics, leading to periodically varying spectral structures [35].
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Fig.1. a sech² spectral profile
Different spectral profiles are produced by more complicated regimes beyond these typical solitons. Fig. 2 demonstrate the combined effects of dispersion, SPM, spectral filtering, and gain-loss dynamics result in broad, asymmetric spectra with sharp edges when dissipative solitons (DSs) are created in all-normal-dispersion (ANDi) fibre lasers [36]. In contrast, although noise-like pulse solitons (NLPS) are temporally incoherent, they provide large peak powers appropriate for nonlinear optics applications. NLPS arise from unstable mode-locking situations and produce incredibly wide, noisy, and irregular spectra. Furthermore, the severe nonlinear widening of ultrashort pulses in photonic crystal fibers (PCF), where SPM, Raman scattering, and soliton fission contribute to significant spectrum expansion, is employed in spectroscopy and OCT, resulting in SC spectra that are unusually broad and often flat [37-39]. In addition, a square-shaped or flat-top spectrum is typically created by using filters or spectral shaping techniques, representing rectangular time-domain pulses that are significant in coherent optical systems [40].
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Fig. 2. Dissipative solitons (DSs) in all-normal-dispersion (ANDi).
Similarly, the severe nonlinear widening of ultrashort pulses in PCF, where SPM, Raman scattering, and soliton fission contribute to the significant spectrum expansion employed in spectroscopy and OCT, results in SC spectra, as shown in Fig. 3, which are unusually broad and often flat. In contrast, a square-shaped or flat-top spectrum is typically created by using filters or spectral shaping techniques, representing rectangular time-domain pulses that are significant in coherent optical systems. While, dispersion-managed solitons, designed for long-distance transmission with minimal distortion, have broadened spectra that resemble a combination of sech² and Gaussian shapes. These solitons are created in cavities with alternating normal and anomalous dispersion segments [41].
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Fig. 3. Supercontinuum spectrum with high broadband spectral 
In [42], the study reported sech² spectrum with centre 1893 nm, 3-dB bandwidth ≈5.1 nm, spectrum fitted to sech² (when citing durations, they expressly assume sech pulse). Still centred at around 1893 nm, the dissipative-soliton state has steep edges and an edge-to-edge bandwidth of about 9.6 nm (not sech²). Kerr nonlinearity (SPM) is balanced by anomalous dispersion in the net-anomalous dispersion region, in which the conventional soliton works. A sech2 spectral envelope is obtained by Nonlinear Schrödinger Equation (NLSE) to design the hyperbolic-secant temporal shape of the soliton. In line with traditional solitons, the article verifies near-transform-limited Time–Bandwidth Product (TBP) and Kelly sidebands, which are characteristic soliton features, assuming a sech² profile.  Through the combination of intracavity birefringent filtering and polarization controller modifications, the same cavity can transition to DS operation. The spectra of DSs have sharp edges (not sech²) because of their strong chirp and filtering/loss shaping. The pulse is not a straightforward NLSE soliton because of the intracavity birefringent filter and polarization-dependent loss, which alter the effective pulse shape. In [43], reports three devices with multi-gigahertz repetition rate passively mode-locked operation, featuring wavelength centres at around 1560 nm (two short cavities) and 1600 nm (longer device). The manuscript reported pulse lengths of around 0.68 to 0.94 ps and TBPs that are near the transform limit for sech² (TBP = 0.33 to 0.41), and they matched the output spectra well with a sech² profile for all three lasers. Intracavity dispersion and nonlinearity enable the creation of brief pulses approaching the NLSE soliton domain, while the saturable absorber (CNT film on mirror) begins pulse formation in these tiny Fabry-Pérot fibre lasers, which operate similarly to traditional mode-locked soliton sources. Both the straight sech² fitting and the near-transform-limited TBP show a temporal sech profile → sech² spectral shape with low chirp. The FFPL's short cavities and comparatively straightforward dispersion encourage soliton-like NLSE pulses.
The spectral characteristics of dissipative solitons (DSs), dark solitons, birefringence-managed solitons (BMSs), and supercontinuum (SC) generation are strongly governed by cavity dispersion, nonlinear effects, polarization dynamics, and laser design. In an EDF-based cavity operating near 1560 nm, birefringence-managed solitons arise when cavity birefringence is carefully controlled, producing a narrow quasi-sech² spectrum with sharp sidebands due to phase-matching effects. Although the cavity can support ANDi dissipative solitons with broad chirped spectra, birefringence-induced interference confines the spectrum and suppresses the typical wide parabolic profile. In contrast, a Yb-doped ANDi fiber laser operating at 1036.2–1043.4 nm generates dissipative solitons with broad spectral widths of approximately 12.5 nm and steep spectral edges. These spectra result from the balance of normal dispersion, self-phase modulation (SPM), gain, loss, and nonlinear polarization evolution (NPE), which acts as an artificial spectral filter. Unlike the EDF system, the Yb-doped laser exhibits the characteristic broad dissipative-soliton spectrum without significant sidebands [44, 45].
Supercontinuum generation is strongly affected by pump wavelength, fiber dispersion, nonlinearity, pulse duration, and propagation dynamics. An Er-fiber laser pumped at 1570 nm and coupled into a hybrid highly nonlinear fiber generated an octave-spanning supercontinuum extending from approximately 1010 to 2400 nm through the combined effects of SPM, optical wave breaking, and soliton dynamics. In another study, coherent intracavity supercontinuum generation centered at 1551 nm produced a spectral span of 1224–1832 nm by launching a high-order soliton into highly nonlinear fiber, where strong self-compression enhanced SPM and dispersive-wave generation. Although the intracavity spectrum was narrower than that of free-propagating systems, it maintained excellent coherence across most of the generated bandwidth, making it highly suitable for broadband and coherent light applications [46-48].
Table 1 compares the spectral characteristics of various fiber laser systems, including soliton, dark soliton, continuous-wave (CW), mode-locked, and supercontinuum (SC) spectra. The comparison considers gain medium, center wavelength, and spectral bandwidth. EDF-based lasers generate soliton and dark soliton spectra in the 1530–1600 nm range with bandwidths of 4.8–5.4 nm. TmDF lasers support both narrowband CW emission around 1940 nm and broader mode-locked spectra spanning approximately 1878–1926 nm. YDFA-based systems produce supercontinuum spectra extending from about 630 nm to beyond 2000 nm, offering extremely wide bandwidths. Overall, the results highlight the trade-off between narrowband spectral precision and broadband operational versatility among different fiber laser configurations.
Table 1: General comparison of various spectra types.
	Ref.
	Spectrum Type
	Gain medium
	Central (λ) (nm)
	Spectrum Bandwidth (nm) (Δ λ)

	[49]
	Soliton (sech²)
	TmDF
	1885
	6

	[50]
	Dark-soliton
	EDF
	1530
	4.8

	[51]
	Soliton (sech²)
	EDF
	1598.94
	5.4

	[52]
	Continuous-wave narrowline
	TmDF
	1940.32
	0.05

	[53]
	Mode-locked oscillation
	TmDF
	~1878-1926
	~23-64

	[54]
	SC
	YDFA
	1060
	630-2000

	[55]
	SC
	YDFA
	N/R
	690-2350





Conclusion
A laser's spectrum is crucial to its operation and practical use. Wavelength, bandwidth, and shape directly affect light–material interactions, pulse fluctuations, and system stability. This research demonstrates that spectral behavior depends on balancing gain width, dispersion, nonlinear effects, and filters, all of which are precisely tuned for steady pulses and optimal performance. Comparing erbium-, thulium-, and ytterbium-doped fibre lasers reveals widely varying outputs, from narrow, steady light to broad, SC light. These cases demonstrate that spectrum management is an intentional and integral part of laser design. With careful design, fibre lasers can be tailored for single or multiple colours, serving communications, sensing, imaging, and high-speed photonics.
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