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Abstract

:

Low–coherence laser is regarded as the key to mitigating laser–plasma instability (LPI) in laser–driven inertial confinement fusion (ICF), where LPI can decrease the laser energy coupled to the target. With the merits of low coherence, high spectral stability, and flexible output characteristics, the Raman random fiber laser (RRFL) is considered to be a candidate light source in ICF. In this paper, the 1054 nm RRFL with high slope efficiency is achieved for the first time. In the RRFL pump source design section, we have optimized the ytterbium–doped fiber (YDF) length by simulation and amplified the power by Master Oscillator Power Amplifier (MOPA) to realize a 1011 nm YDF laser with 47.3 dB optical signal–to–noise ratio (OSNR). In terms of RRFL cavity design, a fiber loop mirror and Rayleigh scattering in the HI 1060 Flex fiber provide wideband point feedback and random distributed feedback, respectively. Based on this system, we achieve an RRFL output with 0.4 nm half–maximum full width, 182% slope efficiency, and 41.3 dB OSNR. This work will provide guidance for the application of RRFL in high–energy–density physics research.
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1. Introduction


In laser–driven inertial confinement fusion (ICF) and other areas of high energy density physics, there is a critical issue that laser–plasma instability (LPI) can cause laser energy loss and even reduce the fusion reaction capacity [1,2]. The low–coherence laser is considered to be one of the most effective methods to overcome the effects of LPI [3,4], and important research results have been obtained, mainly with amplified spontaneous emission (ASE) sources [5,6,7,8]. However, these schemes involve complex spectral modulation and amplification processes. Therefore, a new low–coherence light source is urgently needed. Random fiber laser (RFL) is based on random distributed feedback [9], which is able to match the gain band of the ICF amplification system via a simple cavity structure design. Further, RFL has great potential for intracavity time domain modulation and coherent characteristic modulation [10,11]. Therefore, RFL is considered one of the candidate seed sources for the next generation of ICF.



Due to the gain band of the ICF amplification system having a 3–dB free–oscillation spectrum in the range 1051.7~1054.5 nm, the research on ~1.05 μm RFL for ICF has attracted a lot of attention [12]. The 1053 nm ytterbium–doped RFL (YRFL) has been experimentally demonstrated [12,13]. Fan et al. utilized a 9.5 m ytterbium–doped fiber (YDF) and a 2 km single–mode fiber (SMF) to achieve a 1053 nm YRFL with the 0.48 nm full width at half–maximum (FWHM), which has the potential to be a laser source in large high–energy laser devices [13]. In the latest study of RFL for ICF, the new record of RFL with 28 mJ pulse energy and megawatt–class peak power was reached utilizing a forward–pumped 1053 nm YRFL with 2.5 nm FWHM as the seed source [12]. However, the YRFL with a broadband spectrum will lead to instability in the output spectrum due to mode competition and other non–linear effects. To solve the issues, the Raman fiber random laser (RRFL) can be exploited in ICF, with the advantages of spectral domain stability and high slope efficiency [14,15,16,17]. In addition, the influence of the photodarkening effect in the YDF is avoided in RRFL.



RRFL, utilizing stimulated Raman scattering in passive fiber as the gain, has the benefits of broadband output, high slope efficiency, effective amplification, high stability [18,19,20,21,22,23,24], etc. In terms of broadband output and stability, Zhou et al. achieved a sTable 1150 nm RRFL with ~7 nm FWHM, pumped by a 1090 nm ytterbium–doped fiber laser (YDFL) [18].



The stable RRFL outputs at 1174 nm, 1240 nm, 1310 nm, and 1390 nm were realized by 1117 nm YDFL pumping multi–element fiber Bragg grating (FBG) and different lengths of standard coupler fiber. The FWHM of RRFL is 7.3 nm, 6.3 nm, 8.6 nm, and 8.6 nm, respectively [19]. The 1055 nm polarized YDFL pumped polarization–maintaining fiber, implementing a sTable 1107 nm polarized RRFL with 5.24 nm FWHM [20]. For the superiority of slope efficiency in RRFL, Wang et al. generated a sTable 1140 nm RRFL with slope efficiency over 200% and ~3 nm FWHM, based on the half–open cavity [21]. The 1064 nm YDFL pumped half–open cavity with 30 m phosphosilicate fiber, producing a sTable 1238 nm RRFL with 7.1 nm FWHM and ~130% slope efficiency [22]. Based on large–mode–area germanium–doped fibers, a quasi–kilowatt sTable 1150 nm RRFL output with ~7 nm FWHM and 152% slope efficiency was generated [18]. In the aspect of effective amplification, Xiao et al. utilized a 1064 nm RRFL as the seed source, which was amplified from 8.66 W to 4020 W by a Master Oscillator Power Amplifier (MOPA) configuration, resulting in the 4–kW level stable output [23]. A 1070 nm RRFL with 6.5 W power acted as the seed source and was amplified by a two–stage MOPA to reach a 5.1 kW level stable output [24]. In particular, the RRFL has been demonstrated to be an effective seed source for power amplification in the field of high–power fiber laser facilities [25,26]. However, the RRFL at ~1.05 μm band has not been reported owing to the lack of a suitable high–power pumping source.



To generate the 1054 nm RRFL, the pumping wavelength should be around 1011 nm correspondingly. In general, RRFL operating at the ~1 μm band requires a YDFL as the pumping source [27]. In a YDF, the gain at 1011 nm is much less than the gain at the 1020–1040 nm range [28,29]. Thus, unstable ASE often occurs at around 1030 nm, which causes great difficulty in generating 1011 nm YDFL [30,31]. The unstable ASE will lead to turbulent laser output and may even damage fiber optic components. According to recent research, the occurrence of ASE around 1030 nm is not only related to the length of the YDF but also to the cavity mirror reflexivity [32,33]. Moreover, the 1011 nm laser power can be further amplified by adding a classical MOPA configuration [34,35,36]. Therefore, it is necessary to delicately design a scheme that can effectively suppress the ASE and achieve high power 1011 nm laser output.



In this paper, a 1054 nm RRFL with a stable spectrum and high slope efficiency is proposed for the first time. In the 1054 nm RRFL system, the pumping source is the specially designed 1011 nm YDFL, and the cavity consists of passive HI 1060 Flex fiber and fiber loop mirror (FLM). In the investigation of a high–power 1011 nm YDFL scheme, the appropriate YDF length is determined by simulation, and the laser power is amplified by a MOPA configuration. Based on this pump, the 1054 nm RRFL achieves a stable spectrum with 0.4 nm FWHM and 182% slope efficiency, and the lasing threshold is around 0.66 W.




2. Simulation and Experimentation of YDFL


In this chapter, we simulate the steady rate equations of cladding–pumped YDFL to determine a 1011 nm YDFL scheme and demonstrate it experimentally. Furthermore, the results of the simulation and experiment are analyzed.



2.1. Simulation of YDFL


The laser output spectrum can be simulated using the steady rate equations of cladding–pumped YDFL. The steady rate equations consider the geometric parameters of the active fiber (core/cladding diameter, length), as well as various wavelength–related parameters such as absorption cross–section, emission cross–section, cavity mirror reflectivity, etc. The YDFL spectrum is simulated by calculating the following steady rate equations [37]:


     N 2   z   N  =        P p +   z  +  P p −   z     σ a     λ p     Γ p    h  v p  A   +   ∑ k        P +    z ,  λ k    +  P −    z ,  λ k       σ a     λ k     Γ s    h  v k  A            P p +   z  +  P p −   z       σ a     λ p    +  σ e     λ p       Γ p    h  v p  A   +  1 τ  +   ∑ k        P +    z ,  λ k    +  P −    z ,  λ k         σ a     λ k    +  σ e     λ k       Γ s    h  v k  A        



(1)






  ±   d  P p ±   z    d z   = −  Γ p     σ a     λ p    N −    σ a     λ p    +  σ e     λ p       N 2   z     P p ±   z  − α    λ p     P p ±   z   



(2)






    ±   d  P ±    z ,  λ k      d z   =  Γ s       σ a     λ k    +  σ e     λ k       N 2   z  −  σ a     λ k    N    P ±    z ,  λ k    + 2  Γ s   σ e     λ k     N 2   z    h  c 2     λ k 3    Δ λ               − α    λ k     P ±    z ,  λ k    + ε    λ k     P ∓    z ,  λ k       



(3)







Here,  N  is Yb3+ ion concentration and    N 2    represents the excited state population.   P   z ,  λ k      demonstrates the power of wavelength    λ k    at position z. The subscript ‘ k ’ corresponds to different wavelengths. The subscript ‘ p ’ and ‘ s ’ represent pump and signal.    Γ p    and    Γ s    are the pump and signal to overlap within the core, respectively.    σ a    and    σ e    are the absorption and emission cross sections for the YDF.  A  and  α  mean the core area and attenuation of the YDF, respectively.  τ  is the Yb3+ ion lifetime.  ε  is Rayleigh scattering coefficient. The simulation parameters are listed in Table 1 [12,13].



The laser output spectra with different YDF lengths are simulated, as shown in Figure 1. Here, the high reflectivity FBG (HR–FBG) and low reflectivity FBG (LR–FBG) are 99% and 15%, respectively. When YDF length is 0.9 m, the expected 1011 nm laser is significantly higher than ASE near 1030 nm. Moreover, it demonstrates an excellent optical signal–to–noise ratio (OSNR). When the YDF length is 1.2 m, ASE accounts for almost all the output power.




2.2. Experimentation of YDFL


Furthermore, experiments are conducted based on the simulation results, and the experimental setup is shown in Figure 2. The YDFL is cladding–pumped by a 976 nm laser diode (LD1) in a laser cavity combining a YDF (Nufern LMA–YDF–10/130) and a pair of 1011 nm FBGs. The reflectivity of the FBGs is 99% (HR–FBG) and 15% (LR–FBG), respectively. The signal port of the combiner is connected to the HR–FBG, and the output port is connected to a YDF. The cladding power stripper (CPS) plays a role in removing residual pump and mode–field adaptation. Then, the output of YDFL is filtered by a 1011 nm FBG to obtain the pure 1011 nm laser.



The spectra are measured by an optical spectrum analyzer (OSA) with 0.01 nm resolution. Figure 3 shows the output spectra of YDFL with different YDF lengths. Consistent with the simulation results, the 1011 nm laser with 0.9 m YDF has 40.8 dB OSNR, and ASE is effectively suppressed. However, the output is unstable ASE and contains almost no 1011 nm laser by using 1.2 m YDF. Therefore, a 0.9 m YDF is used in the following experiments. In addition, the filtered 1011 nm YDFL output spectrum is shown in the insert of Figure 4. In this case, the output 1011 nm laser power as a function of LD1 pump power is illustrated in Figure 4. When the pump power is 4 W, the pure 1011 nm laser power is 0.22 W. The YDFL requires further design to provide higher pumping power for the 1054 nm RRFL.





3. Experiments and Results of RRFL


In this chapter, we prove that an effective 1.05 μm RRFL with stable spectral output can be implemented based on the specially designed 1011 nm YDFL. Based on the experimental setup shown in Figure 5, the experimental results of MOPA and RRFL are presented and analyzed.



3.1. Experimental Setup


Figure 5 shows the experimental setup of Raman random fiber lasing generation pumped by the specially designed 1011 nm YDFL. The experimental scheme mainly consists of two parts: MOPA and 1054 nm RRFL. The 1011 nm YDFL is further amplified in a MOPA configuration with a 0.9 m YDF. The YDFL is launched into the power scaling amplifier via a combiner. The pump source of the amplifier comes from LD2 at 976 nm. The amplified YDFL is used as the pump source for the RRFL and is injected into the 1011 nm port of the wavelength division multiplexer (WDM). The 1054 nm port of the WDM is attached to an FLM, providing wideband point feedback for Raman random lasing. The common port of the WDM is spliced with a 3 km passive HI 1060 Flex fiber to provide the Raman gain and random distributed Rayleigh backscattering. In order to generate stable ~1.05 μm Raman random lasing and avoid the transverse mode competition effect, the HI 1060 Flex fiber with 930 nm cut–off wavelength is used here rather than the standard communication fiber with ~1.3 μm cut–off wavelength. Furthermore, the efficient 1054 nm RRFL is realized via a forward–pumping short cavity structure.




3.2. MOPA


The YDFL is further amplified via a MOPA configuration, and the output characteristics of the 1011 nm amplifier are investigated. Figure 6 shows the output spectra of the 1011 nm amplifier at different pump powers when the YDFL power is 0.22 W. The results indicate that the 1011 nm amplifier still performs excellent ASE suppression with increasing pump power and achieves over 47 dB OSNR when the YDFL power is fixed.



Figure 7a illustrates the spectra of the 1011 nm amplifier when the pump power is 7.5 W and YDFL powers are 0.22 W, 0.14 W, and 0.07 W, respectively. The details of the peak region are shown in the insert of Figure 7a. The intensity of ASE is inversely proportional to the 1011 nm laser power, indicating that higher seed laser power is beneficial for suppressing ASE. The output power of the 1011 nm amplifier at different YDFL powers versus LD2 pump power is shown in Figure 7b. The slope efficiency of the three curves are 16.57%, 15.95%, and 15%, respectively, corresponding to YDFL power of 0.22 W, 0.14 W, and 0.07 W. The slope efficiency difference of the three curves is due to the different weights of ASE power, as can be observed in Figure 6. Therefore, the 0.22 W YDFL power is used during the subsequent experiments.




3.3. RRFL


The effective 1054 nm RRFL is realized using a forward–pumping half–open cavity structure. The 1054 nm RRFL spectrum and the 3 km HI 1060 Flex passive fiber Raman gain spectrum are shown in Figure 8. The 1054 nm RRFL spectrum has 0.4 nm FWHM and 41.3 dB OSNR. Due to the Raman gain spectrum, the 1054 nm RRFL spectrum has a bottom shape.



A 10 MHz photodetector and a 16 GHz oscilloscope are used to measure the relative intensity noise (RIN) of 1054 nm RRFL. The RIN of 1054 nm RRFL is shown in Figure 9a. There are no resonance peaks observed with the c/2nL~33.3 kHz spacing corresponding to cavity length. This fact demonstrates the random characteristics of the laser output. However, a clear mode structure with a spacing of 61 kHz is observed in the low–frequency region, as shown in the insert of Figure 9a. Using the same measurement devices, the RIN of 976 nm LD1 is measured, as shown in Figure 9b. The results indicate that the resonance peaks with 61 kHz spacing in the low–frequency region of 1054 nm RRFL are transmitted by LD1.



Figure 10 shows the output of 1054 nm RRFL power at the fiber end as a function of 1011 nm YDFL pump power. The 1054 nm RRFL has a lasing threshold of around 0.66 W and a slope efficiency of 182%. The pump power can be efficiently converted to output laser power, and 56% optical conversion efficiency can be obtained at 0.87 W pump power. Compared with existing research results about ~1.05 μm RFL, the optical conversion efficiency is 38% and 32%, respectively, in realizing a 1053 nm YRFL based on forward and backward pumping structure [13]. The optical conversion efficiency is ~9.5% when implementing a broadband 1053 nm YRFL [12]. The experimental results show that the system can generate an efficient 1054 nm RRFL.





4. Conclusions


In this paper, we have demonstrated a 1054 nm RRFL with high slope efficiency for the first time, based on the specially designed 1011 nm YDFL pump. We delicately investigate the scheme of 1011 nm YDFL based on simulation. Furthermore, the laser power is amplified by the MOPA configuration, and the amplification output characteristics are demonstrated. The specially designed 1011 nm YDFL output can reach 1.78 W and 47.3 dB OSNR. In the 1054 nm RRFL, the specially designed 1011 nm YDFL is used to pump the passive HI 1060 Flex fiber. As a result, the 1054 nm RRFL achieves a stable spectrum with 0.4 nm FWHM and 182% slope efficiency.



In further work, this design scheme for 1011 nm YDFL will provide references for other pump sources around 1 µm. Moreover, this work can help RFL to develop application potential in high–power laser drivers.
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Figure 1. Simulated laser output spectra with different YDF lengths. 
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Figure 2. Experimental setup of the 1011 nm YDFL. Com: combiner; CPS: cladding power stripper. 
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Figure 3. YDFL output spectra with different YDF lengths. 
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Figure 4. Output power of the 1011 nm laser vs. LD1 pump power. Insert: the spectrum of filtered 1011 nm YDFL. 
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Figure 5. Experimental setup of the RRFL. LD2: 976 nm laser diode; Com: combiner; CPS: cladding power stripper; FBG: 1011 nm fiber Bragg grating; WDM: wavelength division multiplexer; FLM: fiber loop mirror. 
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Figure 6. Spectra of the 1011 nm amplifier at different pump powers. 
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Figure 7. (a) Spectra of the 1011 nm amplifier at different YDFL powers. Insert: local amplification in the peak region. (b) Output power of the 1011 nm amplifier at different YDFL powers vs. LD2 pump power. 
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Figure 8. The 1054 nm RRFL spectrum and the 3 km HI 1060 Flex passive fiber Raman gain spectrum. 
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Figure 9. The RIN of (a) 1054 nm RRFL and (b) 976 nm LD1. Insert: local amplification in the low–frequency region. 






Figure 9. The RIN of (a) 1054 nm RRFL and (b) 976 nm LD1. Insert: local amplification in the low–frequency region.
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Figure 10. Output power of the 1054 nm RRFL vs. 1011 nm YDFL pump power. 






Figure 10. Output power of the 1054 nm RRFL vs. 1011 nm YDFL pump power.
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Table 1. Simulation parameters for YDF.






Table 1. Simulation parameters for YDF.





	
Parameters

	
Pump

	
Emission






	
 λ  (nm)

	
976

	
1011




	
   σ a    (m2)

	
2.476 × 10−24

	
8.634 × 10−26




	
   σ e    (m2)

	
2.483 × 10−24

	
4.488 × 10−25




	
 α  (m−1)

	
0.006

	
0.005




	
  Γ  

	
0.0064

	
0.9




	
  h  

	
6.626 × 10−34




	
 A  (m2)

	
7.854 × 10−11




	
 τ  (ms)

	
0.8
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