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Note S1.  The evolution of total output power
In a half-open cavity random fiber laser (RFL), the total output power initially increases with the pumping power, then decreases, and then increases again (Fig. S1(a)). Initially, the internal 1070 nm RFL with feedback grating takes effect, driving itself towards its operational threshold with the output power rises. The external FLM, serving as a broadband feedback component, contributes to the formation of the broadband RFL. Consequently, as the pumping power escalates, the broadband RFL approaches its operational threshold, inducing the emergence of additional random noise peaks within the spectrum (Fig. S1(b)).
Due to the utilization of a long GDF, the threshold for cascaded stimulated Raman scattering (SRS) effects is correspondingly reduced. Upon reaching the threshold for cascaded SRS effects, a phenomenon ensues where the pump power transforms into the new spectral components.[1] This process induces a power decrement, resulting in a decline in the total output power. Simultaneously, multiple peaks appear, alongside an elevation in the pedestal in the spectrum which transitions towards a supercontinuum (Fig. S1(c)). Constrained by the transmission windows of the GDF, the expansion of the supercontinuum range is finite. Once the pedestal of the supercontinuum stabilizes and the spectral components stop to increase, the output power starts to rise again. The drop of growth rate around ~90 W is attributed to the replacement of a higher-power LD, altering the output wavelength and thus affecting the pump power absorbed.
[image: ]
[bookmark: _Ref167200998]Fig. S1.  (a) The total output power with the increase of the total pump power. Measured spectra under the LD pump power of (b) 16 W and (c) 20 W.

Note S2.  Calculation of the fundamental wave power
The designed scheme is capable of outputting 1070 nm laser and its multiple Raman Stokes waves, as well as their corresponding SH, thereby achieving integrated generation of SH and FW. Various optical filtering components, such as low-pass filters or dichroic mirrors, can be used to separate SH and FW. However, since the FW induces the generation of a supercontinuum, direct filtering might require the use of band-pass filters to match the wavelength range of the multiple FWs. To determine the FW power more straightforwardly, the spectral integration analysis method is used. The calculation formula is as follows:

		(S1)
where,  and  represent the left and right boundaries of the total spectral range, ​ and ​ are the integration boundaries.
In our experiment, multiple SH peaks correspond to multiple FWs. Thus, we select the range of 1060 nm to 1300 nm for integration. This range fully encompasses the 1070 nm laser and its first, second, and third-order Raman Stokes waves, corresponding to the 530 nm to 650 nm SH band.
Note S3.  Supplementary explanation of the temporal characteristics
To measure the waveforms of the SH band and other spectral components, a dichroic mirror was used to separate the light into two spectral segments. The optical path is illustrated in Fig. S2(a). The waveform of the SH band is measured using the Si-based detector. To enhance spectral purity, additional filters may be employed if necessary. For measuring waveforms of light above 650 nm, both the Si-based detector and the InGaAs-based detector are employed. Waveforms are recorded at total output powers of 2.2 W, 12.89 W, and 24 W, with the single waveform measurement at the maximum output power of 24 W shown in Figs. S2(b) and (c). The Si-based detector has a response wavelength range of 400–1100 nm, primarily detecting the 1070 nm light. The measurement results indicate that the pulse width of the 1070 nm light is sub-microsecond. The InGaAs-based detector responds to infrared light, which includes multiple spectral peaks and the supercontinuum spectrum. In this range, different pulses are temporally connected, resulting in a broader pulse width.
[image: ]
Fig. S2.  a) The experimental structure for waveform measurement of the SH and FW (DM: Dichroic mirror). Measured waveform at the maximum output power of 24 W with b) Si-based detector and c) InGaAs-based detector.
The waveforms at the total output power of 2.2 W and 12.89 W are shown in the figures below. Fig. S3(a) and c depict the measurements using a Si-based detector, while Fig. S3(b) and d show the results obtained with an InGaAs-based detector. Figs. S3(a) and (b) correspond to an output power of 12.89 W, while Fig. S3(c) and d correspond to an output power of 2.2 W. It can be observed that regardless of the detector used, the waveforms exhibit pulsations, with pulse intervals fluctuating in a small range. The pulse operation characteristic has also been reported in previous studies on supercontinuum spectra [1,2]. The average pulse intervals are calculated and indicated in the figures. The fluctuating pulse interval period is related to complex nonlinear effects causing power transfer. The 1070 nm light is both amplified in the RFL and serves as the pump light for its Raman Stokes light. At a certain moment, the power of the 1070 nm light is acceleratedly consumed while the power of its Raman light increases prematurely, which may cause changes in the pulse period. However, unlike previous findings, when the pump power increases, the pulse repetition frequency does not continuously increase. Instead, when the output power reaches the maximum of 24 W, the repetition frequency decreases. The wide-ranging temporal measurements have been shown in Fig. 3. This can be explained by the increase in spectral components, where the power consumption of various high-peak-power lights increases, and the more rapidly generated light quickly transitions to other wavelengths, thereby reducing the repetition frequency.
[image: ]
Fig. S3.  Measured waveform at total output power of (a) (b) 12.89 W and (c) (d) 2.2 W. (a) and (c) are measured with Si-based detector while (b) and (d) are with InGaAs-based detector.

Note S4.  Detailed explanation of the theoretical model
[bookmark: _Hlk160644061][bookmark: _Hlk182519739]Based on previous studies, the generation of SH light can be attributed to self-organized SHG in germanium-doped fibers of which the feature is the participation of a static electric field [3]. In 1998, B.P. Antonyuk and V.B. Antonyuk successfully analyzed the SHG in germanium-doped fibers using this theory [4]. The equations for the theory of self-organized SHG are as follows [4]:

[bookmark: _Hlk182519776]		(S2)
Taking the feedback provided by loss and Rayleigh scattering into account, we received:

		(S3)
where  and  represent the normalized loss terms for the SH and FW, respectively, and  and  denote the coefficients of Rayleigh scattering light of the SH and FW being total-reflected. They are calculated as follows:

		(S4)
, , , . Additionally, point feedback is provided by the FLM:

		(S5)
The cavity is formed through distributed feedback and point feedback. Distributed feedback is manifested through the Rayleigh scattering term, while point feedback is reflected at the boundaries. The setting of normalized coefficients is the same as previous research [4]. In terms of the initial conditions, a peak power density of ~109  W/cm2 corresponds to  [5]. According to our measurement results of the output power and temporal characteristics, the peak power density can be calculated by the formula:

		(S6)
Using the above model, the qualitative analysis results are as follows. For a long fiber without strong feedback, although gains can be enhanced, stronger losses are sufficient to offset them. However, within sufficient intracavity feedback, the rules can be rewritten (Fig. S4(a)). Feedback light can enhance the electric field and also increase SHG gain. Another crucial factor to realize efficient SHG is the intensity of the pump FW. The SH power under different pump injection intensities is shown in Fig. S4(b). It is shown that as the injection intensity decreases, the SH conversion efficiency drops. Hence, the high peak power attribute of the FW is a necessary condition. Additionally, even when the strong feedback provided by the device weakens, according to Fig. S4(c), SHG can still occur, although with a decreased conversion efficiency. 
[image: ]
[bookmark: _Ref167203138]Fig. S4.  Comparison of simulated relative SH intensity (a) in half-open RFL and a long fiber without FLM feedback, (b) with different pump FW powers, (c) with different FLM feedback coefficients. 
After modifying the self-organized SHG theoretical model, we further refined the evolution of the spectrum. By introducing the SHG term to the generalized nonlinear Schrödinger equations (GNLSEs) which involve effects including self-phase modulation (SPM), cross-phase modulation (XPM), and SRS, we have [6]:

		(S7)
where the meanings of the parameters have mostly been explained, except for .   is the nonlinear parameter, which is calculated as [7]:

		(S8)
 is the effective mode area, is the carrier frequency, and  is the nonlinear Kerr parameter.
[bookmark: OLE_LINK1][bookmark: OLE_LINK2]In order to introduce the SHG term, Eq. (S6) is no longer suitable because it does not directly contain the complex amplitude of the optical field. Therefore, we revert to Eq. (S3), which describes the spatial variation of the complex amplitude. Based on Eqs. (S3) and (S11), we have:

		(S9)
This equation encompasses various nonlinear effects of the FW, enabling a more accurate simulation of its evolution, and consequently, a more precise simulation of the SH evolution as well. However, it should be noted that SPM, XPM, and four-wave mixing in the SH band are not considered here, so the simulation of the SH spectrum’s pedestal, spectral broadening, and mixing light is not accurate enough.
The parameters of this model are shown in Table. S1:

Table. S1 PARAMETERS USED IN THE SIMULATION
	                    Wavelengths
Parameters
	1070 nm
	1124 nm
	1184 nm
	1239 nm
	1303 nm

	 (108 m/s)
	2.0321
	2.0327
	2.0331
	2.0334
	2.0335

	(ps2/km)
	29.4096
	22.7343
	14.2359
	6.26728
	0.931046

	(ps2/km)
	0.06
	0.06
	0.06
	0.06
	0.06

	(μm2)
	1089
	1096
	1112
	1134
	1149

	(10-20 m2/W)
	2.82068
	2.81985
	2.81882
	2.81735
	2.81589

	(10-3 m-1)
	0.287
	0.285
	0.282
	0.280
	0.279

	 (10-6 m-1)
	0.684
	0.683
	0.681
	0.680
	0.678

	(10-14esu)
	1.98
	2.01
	2.05
	2.05
	2.00



Note S5.  The spectrum of light propagating within the FLM
In the half-open cavity RFL, the fiber loop mirror (FLM) serves as a component providing broadband feedback. On one hand, it offers strong feedback for various orders of Raman Stokes light, facilitating their conversion into pulsed light with high peak power. On the other hand, it also provides strong feedback for the SH band, significantly accelerating the second harmonic generation (SHG) process. There remains a lack of a more intuitive means to reveal the role of the FLM. To address this, the spectrum of light propagating within the FLM is measured. Given that the FLM is located in the backward output direction, where the second harmonic (SH) intensity is relatively low, a 99/1 coupler is utilized to separate 1% of the light from the FLM. This extracted arm is directly fusion-spliced with the patch cord of the optical spectrum analyzer, as shown in Fig. S5(a). The measured spectrum is depicted in Fig. S5(b), despite the 99/1 coupler's transmission losses for wavelengths below 1000 nm, the measured spectrum clearly shows multiple peaks corresponding to the SH band and the fundamental wave (FW). This observation indicates that the FLM indeed plays a role in providing strong feedback within the RFL.
[image: ]
Fig. S5.  (a) The experimental structure for spectral measurement of internal light within the FLM. (b) Measured spectrum of the light within the FLM.
Note S6.  Exploration of other feedback methods
In Fig. 5(c), it is theoretically demonstrated that even with weaker feedback, SHG can still happen. Accordingly, there are diverse methods of providing feedback for RFL. Compared to the long-wavelength region, Rayleigh scattering in passive fibers has a higher intensity in the short-wavelength region, so we remove the FLM and replace it with a 1 km-long GDF to provide short-wavelength feedback (Fig. S6(a)). Since there is no direct pump injection into this fiber segment, it can be approximated as a feedback device. Compared to the original structure, the feedback provided by the passive fiber is not as strong as the FLM, but due to the strong feedback capability in the short-wavelength region, SH still appears in the output spectrum (Fig. S6(b)). The two major peaks at 535 nm and 562 nm correspond to the 1070 nm laser and its first-order SRS Stokes light.
[image: ]
Fig. S6. (a) RFL that utilize a 1 km-long GDF to provide short-wavelength feedback to generate SH. (b) Output spectrum of this RFL.
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