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Abstract

:

A 1.7 μm pulsed laser plays an important role in bioimaging, gas detection, and so on. Fiber gas Raman lasers (FGRLs) based on hollow-core photonic crystal fibers (HC-PCFs) provide a novel and effective method for fiber lasers operating at 1.7 μm. Compared with traditional methods, FGRLs have more advantages in generating high-power 1.7 μm pulsed lasers. This paper reviews the studies of 1.7 μm FGRLs, briefly describes the principle and characteristics of HC-PCFs and gas-stimulated Raman scattering (SRS), and systematical characterizes 1.7 μm FGRLs in aspects of output spectral coverage, power-limiting factors, and a theoretical model. When the fiber length and pump power are constant, a relatively high gas pressure and appropriate pump peak power are the key to achieving high-power 1.7 μm Raman output. Furthermore, the development direction of 1.7 μm FGRLs is also explored.
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1. Introduction


In recent years, lasers operating in the 1.7 μm band (1650–1750 nm) have received much attention due to the growing number of promising applications, such as bioimaging, gas detection, medical treatment, and mid-infrared laser generation. Compared with other types of lasers, 1.7 μm fiber lasers have been more intensively studied due to good stability, compactness, and beam quality. However, reported works mainly involve 1.7 μm continuous-wave (CW) fiber lasers [1,2], and the pulsed fiber lasers operating in this wavelength region have not been researched fully, though they have unique advantages in some applications. For example, in bioimaging applications such as multiphoton microscopy [3,4], optical coherence tomography [5], and spectroscopic photoacoustic (PA) imaging [6,7], 1.7 µm pulsed lasers can be used to realize three-dimensional (3D) volumetric imaging by time-resolved ultrasonic detection [7]. Similarly, in methane detection, the 3D distribution of the CH4 concentration in space can be measured by using the time-of-flight ranging method to analyze the temporal characteristics of pulsed lasers when the pulsed lasers are in the 1.7 μm band used as the detection signal [8]. In fact, whether in bioimaging or gas detection, high-power 1.7 μm pulsed lasers are conducive to achieving higher sensitivity and deeper penetration/detection [7,9]. Thus, it is important and necessary to increase the output power of 1.7 μm pulsed fiber lasers.



The traditional methods of realizing 1.7 μm pulsed fiber lasers can be mainly classified into two categories. One is based on population inversion to generate 1.7 μm pulsed lasers by using rare-earth-doped fibers, such as thulium-doped fibers [6,7,10,11], thulium–holmium-codoped fibers [12,13], and bismuth-doped fibers [14,15,16]. The other is based on nonlinear effects in solid-core fibers to realize a frequency conversion, such as soliton self-frequency shift [17,18,19,20], four-wave mixing [21,22,23], self-phase modulation [7,24,25], and stimulated Raman scattering (SRS) [26]. Recently, fiber gas Raman lasers (FGRLs) based on hollow-core photonic crystal fibers (HC-PCFs) have opened a new opportunity for 1.7 μm pulsed fiber lasers [27,28,29,30]. The principle of FGRLs is to realize a frequency conversion by gas SRS in HC-PCFs. The output average powers and corresponding pulse widths of reported 1.7 μm pulsed fiber lasers are plotted in Figure 1.



It can be seen that the pulse widths of 1.7 μm pulsed lasers based on solid-core fibers are mostly in femtosecond and picosecond regions and their output average powers are mostly less than 1 W. Only a pulsed Raman fiber laser can achieve an output power of up to 23 W [26], but its pulse width is at the millisecond level. Thus, it is very challenging to obtain high-power 1.7 μm pulsed lasers with a short pulse width based on solid-core fibers. The 1.7 μm FGRLs fill this gap and achieve nanosecond pulsed lasers with an output average power of over 3 W [30]. In fact, 1.7 μm nanosecond short pulsed lasers have more advantages in bioimaging. To realize volumetric imaging with higher resolution, the pulse duration should be around 10 ns or even shorter [7]. Furthermore, 1.7 μm FGRLs with continuous wavelength tunability and narrow linewidth also have more advantages in gas detection. Continuous wavelength tunability is conducive to the detection of different kinds of gas molecules, and narrow-linewidth pulsed lasers can not only accurately distinguish the absorption peaks but also have a longer coherent distance that is helpful in long-distance detection [9]. Therefore, compared with traditional 1.7 μm pulsed fiber lasers, 1.7 μm FGRLs have unique advantages and strong competitiveness due to the characteristics of high power, high efficiency, continuous wavelength tunability, and a narrow linewidth.



In this paper, we review the studies of 1.7 μm FGRLs based on HC-PCFs. Section 2 briefly introduces the classification, light guide mechanism, and development of HC-PCFs. In Section 3, a comparison of gas SRS in free space and in HC-PCFs is made and the characteristics of candidate Raman gas media for 1.7 μm FGRLs are discussed. Section 4 describes the typical experimental structure of 1.7 μm FGRLs and characterizes 1.7 μm FGRLs in aspects of output spectral coverage, power-limiting factors, and a theoretical model. When the fiber length and pump power are constant, a relatively high gas pressure and appropriate pump peak power are the key to achieving high output Raman power in 1.7 μm FGRLs. In Section 5, we discuss the future development of 1.7 μm FGRLs based on HC-PCFs.




2. Hollow-Core Photonic Crystal Fibers


HC-PCFs are the core components of FGRLs, which provide a platform for the interaction of laser and gas. The fiber core of an HC-PCF is an air hole, so the refractive index of the fiber core is less than that of the fiber cladding and the law of total reflection is not suitable for HC-PCFs. According to the light guide mechanism, there are two major classifications of HC-PCFs, namely photonic bandgap hollow-core fibers (PBG-HCFs) [31,32,33,34,35] and anti-resonance hollow-core fibers (AR-HCFs) (or inhibited-coupling fibers) [36,37,38,39,40,41,42,43,44,45,46,47,48,49].



2.1. Photonic Bandgap Hollow-Core Fibers


In 1999, Russell et al. demonstrated the first PBG-HCFs [31], the schematic cross section of which is shown in Figure 2a. It can be seen that the fiber core is a larger air hole and periodic small air holes are distributed in the cladding of the PBG-HCFs. These periodic air holes in the cladding form a two-dimensional photonic bandgap, so light cannot pass through the cladding and be confined in the fiber core when the wavelength of light is located in the photonic bandgap. Since then, HC-PCFs have been developed toward lower loss and greater bandwidths. In 2004, the University of Bath demonstrated low-loss PBG-HCFs of 1.72 dB/km at 1565 nm [32], the schematic cross section of which is shown in Figure 2b. In 2005, they further reduced the fiber loss to 1.2 dB/km at 1620 nm [33], which is currently the lowest loss of PBG-HCFs. Figure 2c shows the schematic cross section of PBG-HCFs with a broad transmission band and low loss demonstrated by the Beijing University of Technology in 2019 [34]. The minimum loss of 6.5 dB/km at 1633 nm and a 3 dB bandwidth at 458 nm were achieved, which is the broadest bandwidth in PBG-HCFs. The main factors affecting the loss of PBG-HCFs are the scattering caused by the surface roughness of the fiber core boundary [33] and the coupling between the core and the surface modes [35]. Moreover, the coupling also causes multiple loss peaks in the transmission band, affecting the transmission bandwidth of the PBG-HCFs.




2.2. Anti-Resonance Hollow-Core Fibers


The Kagome HCFs reported in 2002 are the first AR-HCFs [36], the schematic cross section of which is shown in Figure 3a. Compared with PBG-HCFs, the cladding structure pitch of Kagome HCFs is larger, which can widen the optical transmission band [37]. Furthermore, there is no complete photonic bandgap in the Kagome hollow fiber, and its light-guiding mechanism can be explained by inhibited coupling [38] or the anti-resonant reflection optical waveguide (ARROW) [39]. According to the inhibited-coupling mechanism, a core-guide mode can be strongly inhibited from channeling out through the cladding by a mismatch between the core and cladding modes [40]. According to ARROW, the microstructure in the cladding is similar to a Fabry–Perot cavity. The light that meets the cavity resonance conditions will leak out through the cladding, while the light that cannot resonate in the cavity is prevented from leaking from the cladding and confined to the fiber core [41]. Figure 3b shows the schematic cross section of hypocycloid Kagome HCFs, and the design of the fiber core boundary with negative curvature reduces the transmission loss of the fiber [42]. With further study of the light-guiding mechanism of AR-HCFs, it has been found that the transmission performance of AR-HCFs is mainly determined by the first ring microstructure of the fiber core boundary. Subsequently, AR-HCFs with simpler microstructures and better optical performance have emerged [43,44,45,46,47,48,49], and all of these AR-HCFs obey the ARROW guiding mechanism. Figure 2c presents the schematic cross section of the first tube-structure AR-HCFs reported in 2011, the cladding of which is composed of single-ring tubes [44]. The attenuation of the single-ring AR-HCFs in the mid-infrared band is much lower than that of the silica glass solid-core fiber. Figure 3d shows the schematic cross section of ice-cream-type AR-HCFs [45], the transmission band of which is located in the mid-infrared band and the minimum loss of which is 34 dB/km at 3050 nm. With further study of AR-HCFs, it has been found that the touching points of adjacent capillaries in the cladding behave as independent waveguides supporting their own lossy modes, which would introduce additional transmission loss [50,51]. Thus, nodeless single-ring AR-HCFs were first demonstrated in 2013 [46]. In addition, it was demonstrated that the elimination of the tube’s contact point helps to reduce the bending loss [47]. In 2019, nodeless nested AR-HCFs with the attenuation of 0.65 dB/km in the C and L telecommunications bands were demonstrated, which means this was the first time that HC-PCFs realized a loss comparable to that of silica glass solid-core fibers [48]. The attenuation of nodeless nested AR-HCFs was further recued to 0.28 dB/km in 2020 [49].



Compared with PBG-HCFs, the mode field of AR-HCFs overlaps the silica glass of the fiber core boundary less [52]. Thus, the surface scattering loss of AR-HCFs is lower than that of PBG-HCFs, which means that AR-HCFs have advantages of realizing lower loss and reducing the nonlinearities caused by silica glass. Furthermore, although both AR-HCFs and PBG-HCFs are multimode, the attenuation of high-order modes in AR-HCFs is higher than that of PBG-HCFs, which means that with AR-HCFs it is easier to obtain a fundamental mode guidance at a short fiber length [53].





3. Gas Stimulated Raman Scattering


3.1. Traditional Gas Raman Lasers Versus Fiber Gas Raman Lasers


Since gas SRS was first reported in 1963 [54], gas SRS has been considered as a significant method to realize a laser of a new wavelength by frequency conversion. Gas SRS can cover the ultraviolet-to-infrared band [55,56], which is an effective extension of the laser output band. Figure 4a is a simplified schematic diagram of the interaction between lasers and gas in traditional Raman gas lasers. Owing to the diffraction effect of laser transmission in free space and some other factors, the gas SRS in free space has a short interaction length and low intensity, leading to an extremely high Raman threshold. Normally, traditional gas Raman lasers require pump pulsed lasers with megawatt peak power to reach the Raman threshold. Moreover, there would be many Stokes waves generated, so it is difficult to realize efficient conversion of a single Stokes wavelength in traditional gas Raman lasers. These problems limit the applications of traditional gas Raman lasers. However, for FGRLs, gas SRS occurs in HC-PCFs, and a simplified schematic diagram of the interaction between lasers and gas in FGRLs is shown in Figure 4b. HC-PCFs can confine lasers to the small core for long-distance transmission, so an extremely low Raman threshold can be achieved. Furthermore, the output Stokes waves can be controlled by designing the transmission band of HC-PCFs. Thus, HC-PCFs provide an ideal environment for efficient gas SRS, meeting the requirements of strong interaction intensity, a long interaction length, and a controllable Raman gain spectrum at the same time.




3.2. Candidate Gas Media for 1.7 μm Raman Wavelength


For gas SRS, the Raman frequency shift is due to the energy-level transitions of gas media. Thus, different output Raman wavelengths can be flexibly realized by changing the gas media or using different energy-level transitions of one gas medium. Because hydrogen (H2) and deuterium (D2) are the main candidate gas media for 1.7 μm FGRLs, Figure 5a,b present the schematic diagrams of the energy-level transitions of H2 [57] and D2 SRS [58], respectively. It can be seen that H2 molecules’ vibrational SRS has a Raman frequency shift coefficient of ~4155 cm−1 and the rotational SRS of different energy levels has Raman frequency shift coefficients of ~587, ~354, and ~814 cm−1. D2 molecules’ vibrational SRS has a Raman frequency shift coefficient of ~2988 cm−1, and the rotational SRS of different energy levels has Raman frequency shift coefficients of ~179, ~297, and ~415 cm−1.



The relationship between the pump wavelength, Raman frequency shift coefficient, and Raman wavelength is given by


  Δ ω =  1   λ p    −  1   λ s     



(1)




where ∆ω is the Raman frequency shift coefficient and λP and λS are the pump wavelength and Raman wavelength, respectively. When the pump wavelength is set in the 1 or 1.5 μm band, H2 or D2 SRS can realize different output Raman wavelengths, as shown in Table 1. It can be seen that when the pump wavelength is set in the 1.5 μm band, the output Raman wavelength at the 1.7 μm band can be realized by H2 or D2 rotational SRS.





4. Fiber Gas Raman Lasers Operating at 1.7 μm


4.1. Typical Experimental Setup


Figure 6a presents the typical experimental setup of 1.7 μm FGRLs, comprising mainly a pump source, HC-PCFs, a gas cell, and a set of lenses. The pump laser is a 1.5 μm pulsed erbium-doped fiber amplifier (EDFA), the pigtail fiber (Corning, SMF-28e) of which is fusion-spliced with the HC-PCFs (NKT Photonics, HC-1550-02) due to a similar mode field area and numerical aperture, and the theoretical minimum loss can be as low as 1.3 dB [59]. The output end of the HC-PCFs is sealed in a gas cell with a glass window, and the HC-PCFs can be filled with a gas medium through the gas cell. The output lasers being transmitted through the glass window are collimated and are filtered by a set of lenses.



Figure 6b presents the transmission spectrum and optical micrograph of a cross section of HC-PCFs [57]. The low-loss transmission band of HC-PCFs is from 1415 to 1740 nm, covering both the 1.5 μm pump wavelengths and the 1.7 μm output Raman wavelengths. Furthermore, it can be seen from the insert that the used HC-PCFs are PBG-HCFs with a multilayer microstructure in the cladding. Compared with the AR-HCFs with a single-ring microstructure in the cladding, fusion splicing has less impact on the optical performance of the used HC-PCFs. Thus, mature commercial HC-PCFs (NKT Photonics, HC-1550-02) are very suitable for 1.7 μm FGRLs.




4.2. Spectral Coverage


A pulsed fiber amplifier with a wavelength tuning range of 1535–1565 nm was used to pump 20-m-long HC-PCFs filled with D2 or H2, and the output spectra are shown in Figure 7a [27] and Figure 7b [28], respectively. It can be seen that one pump line in the 1.5 um band is converted into one Raman line in the 1.7 μm band (415 and 587 cm−1 Raman frequency shift coefficients of D2 and H2, respectively), which greatly improves the power conversion efficiency. This is not difficult to explain. Take D2 SRS as an example; if the pump wavelength is 1550 nm, because the 2886 nm Raman line generated by vibrational SRS (with a Raman frequency shift of 2987 cm−1) is located outside the low-loss transmission band, it is strongly suppressed. Moreover, because the Raman gain of the 1656 nm rotational Raman line (with a Raman frequency shift of 415 cm−1) is higher than that of 1625 and 1594 nm rotational Raman lines (with Raman frequency shifts of 297 and 179 cm−1, respectively), the 1550 nm pump line will first be converted into a 1656 nm Raman line, and the residual pump power is too low to generate 1625 and 1594 nm Raman lines. The explanation of the output spectrum of H2 SRS is also similar. Therefore, the output Raman wavelengths are determined by the gas media, pump wavelength, and fiber attenuation.




4.3. Power-Limiting Factors


Compared to the solid-core fiber, only less than 1% of the mode field energy overlaps the silica glass of the fiber core boundary when the lasers are transmitted in HC-PCFs. So HC-PCFs have a higher damage threshold, which means that HC-PCFs are more capable of transmitting comparatively higher power and energy. In this section, the influence of the pump wavelength, gas pressure, repetition frequency of the pump pulse, and fiber length on the output Raman power is fully discussed based on the reported experimental results of the 1.7 μm fiber deuterium gas Raman laser [27,29], and the key factors for achieving high-power 1.7 μm FGRLs are analyzed.



Figure 8a shows the output Raman power as a function of coupled average pump power at different pump wavelengths when the fiber length is 20 m [27]. The maximum Raman power decreases toward the long wavelength. It can be attributed to the amplification performance of the pump source. The output power of the pump source is slightly reduced as the wavelength increases. In fact, when the fiber attenuation in the pump band and output Raman band is basically unchanged, the wavelength change has little effect on the output Raman power. Figure 8b shows the output Raman power as a function of coupled average pump power at different gas pressures when the fiber length is 20 m [27]. Since the molecular density of the gain gas in the HC-PCFs can be adjusted by the barometer of the gas cell, this provides new freedom in the optimization of the 1.7 μm FGRL performance for high-power laser emission. When the gas pressure is too low, the Raman threshold is relatively higher due to the small Raman gain [60], thereby affecting the output Raman power. While the Raman gain is saturated at a high gas pressure level, the contribution of increasing gas pressure to the Raman gain becomes extremely small. Therefore, it can be seen from Figure 7b that when the gas pressure is higher than 15 bar, the Raman power does not increase obviously.



Figure 9 presents the experimental results of using a higher-power pump source [29], and cascaded Raman conversion is more likely to occur under high pump power. Figure 9a presents the output Raman power as a function of the coupled average pump power at different repetition frequencies of the pump pulse when the fiber length is 20 m and the gas pressure is 16 bar. It can be seen that the repetition frequency has a great influence on the output Raman power, and there is an optimal repetition frequency to achieve the maximum output Raman power. This is because when the fiber length and the gas pressure are constant, the Raman threshold of the pump peak power is also constant. Thus, it is necessary to adjust the repetition frequency to obtain a suitable peak power so that the peak power is much higher than the first-order Raman threshold but does not exceed the second-order Raman threshold. When the peak power is much higher than the first-order Raman threshold, more pump pulse energy can undergo Raman conversion. When the peak power does not exceed the second-order Raman threshold, the first-order to second-order cascaded Raman conversion will not occur, which means that the first-order Raman power will not fall at the high pump power level. Figure 8b presents the output Raman power as a function of the coupled average pump power at different fiber lengths when the repetition is 1.5 MHz and the gas pressure is 16 bar. It can be seen that the Raman threshold increases with a decrease in the fiber length, which means that less pump pulse energy is converted into Raman pulse energy, so the maximum output Raman power also decreases. Therefore, when the fiber length is reduced, a higher peak power of the pump pulse is required to improve the power conversion efficiency.




4.4. Theoretical Model


Because there are many adjustable experimental parameters in 1.7 μm FGRLs, it is necessary to establish a corresponding theoretical model to guide the actual experiment to obtain a higher output Raman power. In fact, the 1.7 μm fiber hydrogen Raman laser has the following characteristics: First, there is only a pure rotational SRS process in the HC-PCFs; second, there is only one rotational Raman line generated by the rotational SRS; and third, there is only one second-order Raman line generated by the cascade Raman conversion. Therefore, the theoretical model is greatly simplified, and a steady-state coupled wave equation considering cascaded Raman conversion and pulse shape is established [57].


        d  I  S 2     d z   =  g  S 2    I  S 2    I  S 1   −  α  S 2    I  S 2         d  I  S 1     d z   =  g  S 1    I  S 1    I p  −  α  S 1    I  S 1   −    υ  S 1      υ  S 2      g  S 2    I  S 2    I  S 1         d  I P    d z   = −    υ P     υ  S 1      g  S 1    I  S 1    I P  −  α P   I P       



(2)




where Ix is the intensity, αx is the fiber loss, υx is the frequency, and gx is the steady-state Raman gain coefficient (x means S1 for the first-order Stokes wave, S2 for the second-order Stokes wave, and P for the pump wave); z is the position of the fiber along the propagation. The boundary conditions of Equation (2) are set as follows [57]:


       I P  ( z = 0 ) =  I o   e  −    t 2    2  σ 2           I  S 1   ( z = 0 ) =   h  υ  S 1   π Δ  υ R     A  e f f          



(3)




where I0 is the initial pump intensity, h is the Planck constant, ΔυR is the Raman linewidth, Aeff is the mode field area of the HC-PCFs, σ is the variance of the Gaussian distribution, and t is the pump pulse width.



The above theoretical model is used for simulation, and simulation parameters such as fiber length, pump power, and Raman gain are set according to actual experimental conditions. The simulation and measured results of pulse shapes are shown in Figure 10 [57]. Figure 10a,b present the pulse shapes in the condition of no cascaded Raman conversion, and the simulation results reproduce the measured results very well. The center part of the pump pulse is converted into a Raman pulse, so there is a dip in the middle of the residual pump pulse. When the peak power is extremely high, the first-order Raman light is converted into second-order Raman light, so there is also a dip in the middle of the first-order Raman pulse, as shown in Figure 10c,d. The difference between the simulation and the measured results of the Raman pulse shape is caused by the gain accumulation [61], and the gain accumulation is not considered in the simulation as the pump pulse builds up.



Similarly, the simulation evolution curves of the output power with the repetition frequency of the pump pulse are calculated when the fiber length, gas pressure, and average pump power are constant [30], as shown in Figure 11a. The simulation and measured results are plotted using dotted lines and solid-core patterns, respectively. It can be seen that simulation results can find the optical repetition frequency relatively accurately. Furthermore, the simulation evolution curves of the output power with the fiber length are also calculated when the pump power and gas pressure are constant [57], as shown in Figure 11b. It can be seen that the measured results are basically consistent with the simulation results. Thus, the theoretical model is relatively reliable and can have an important guiding role in achieving high-power 1.7 μm FGRLs.





5. Summary and Outlook


In summary, we reviewed the studies of 1.7 μm FGRLs based on HC-PCFs. We briefly described the principle and characteristics of HC-PCFs and the gas SRS process and systematically characterized 1.7 μm FGRLs in aspects of output spectral coverage, power-limiting factors, and a theoretical model. There are two important facts to improve the output Raman power for 1.7 μm FGRLs when the fiber length and pump power are constant. One is to keep the gas pressure at a high level to ensure Raman gain saturation in the HC-PCFs. The other is to adjust the parameters of the pump pulse so the peak power is of an appropriate value, that is, the peak power is much larger than the first-order Raman threshold and slightly smaller than the second-order Raman threshold.



We believe that 1.7 μm FGRLs will develop toward higher power and an all-fiber structure. There is no Raman power saturation in the current works, so if more pump power were coupled into the HC-PCFs, a higher output Raman power would be obtained. A useful way is to use a higher-power 1.5 μm pump source and introduce transition fibers to reduce the fusion-splice loss between HC-PCFs and solid-core fibers [62]. To realize an all-fiber structure, it is necessary to solve the problem of HC-PCFs being fusion-spliced with the solid-core fibers in the gas-filled state, which may face the danger of gas leakage and combustion [63]. Furthermore, a 1.7 μm all-fiber gas Raman laser with a Fabry–Perot cavity is also one of the development directions, and the introduction of the Fabry–Perot cavity can further reduce the Raman threshold [64]. However, because H2 molecules and D2 molecules are extremely small, they can penetrate the silica glass and overflow from the HC-PCFs, which could affect the long-term reliability of the 1.7 μm FGRL. This problem also needs to be further studied and solved.
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Figure 1. The output average powers and corresponding pulse widths of reported 1.7 μm pulsed fiber lasers. 
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Figure 2. The schematic cross section of HC-PCFs. (a) The first PBG-HCF [31], (b) low-loss PBG-HCF [32], and (c) broadband PBG-HCF [34]. 






Figure 2. The schematic cross section of HC-PCFs. (a) The first PBG-HCF [31], (b) low-loss PBG-HCF [32], and (c) broadband PBG-HCF [34].



[image: Crystals 11 00121 g002]







[image: Crystals 11 00121 g003 550] 





Figure 3. The schematic cross section of HC-PCFs. (a) The first AR-HCF [36], (b) hypocycloid Kagome AR-HCFs [42], (c) single-ring AR-HCFs [44], (d) ice-cream-type AR-HCF [45], (e) nodeless single-ring AR-HCFs [46], and (f) nodeless nested AR-HCFs [48]. 
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Figure 4. The simplified schematic diagram of the interaction between lasers and gas in (a) traditional gas Raman lasers and (b) fiber gas Raman lasers. 
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Figure 5. The schematic diagram of the energy-level transitions of (a) H2 [57] and (b) D2 [58] SRS. 
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Figure 6. (a) The schematic diagram of a typical experimental setup of 1.7 μm FGRLs and (b) the transmission spectrum of the used HC-PCFs. Insert: optical micrograph of a cross section of the used HC-PCFs [57]. 
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Figure 7. The output spectra of 1.7 μm FGRLs based on (a) D2-filled [27] and (b) H2-filled HC-PCFs [28] when the pump wavelength is from 1535 to 1565 nm and the fiber length is 20 m. 
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Figure 8. The output Raman power as a function of coupled pump power at different (a) pump wavelengths and (b) gas pressures when the fiber length is 20 m [27]. 
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Figure 9. The output Raman power as a function of coupled pump power (a) at different repetition frequencies of the pump pulse when the fiber length is 20 m and the gas pressure is 16 bar and (b) at different fiber lengths when the repetition frequency is 1.5 MHz and the gas pressure is 16 bar [29]. 
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Figure 10. (a,c) Measured pulse shapes of pump light, first-order Raman light, and residual pump light; (b,d) corresponding simulation results [57]. 
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Figure 11. (a) The output power as a function of repetition frequency of the pump pulse when the fiber length, gas pressure, and average pump power are constant, and the dotted lines and solid-core patterns represent simulation and measured results, respectively [30]; (b) the output power as a function of fiber length when the pump power and gas pressure are constant [57]. 
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Table 1. Different pump wavelengths, Raman frequency shift, and corresponding output Raman wavelengths.
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Gain Gases

	
Raman Frequency Shift

	
Raman Wavelength Pumped at 1064 nm

	
Raman Wavelength Pumped at 1550 nm






	
H2

	
4155 cm−1

	
1907 nm

	
4354 nm




	
814 cm−1

	
1165 nm

	
1773 nm




	
587 cm−1

	
1135 nm

	
1705 nm




	
354 cm−1

	
1106 nm

	
1640 nm




	
D2

	
2987 cm−1

	
1560 nm

	
2886 nm




	
415 cm−1

	
1113 nm

	
1656 nm




	
297 cm−1

	
1098 nm

	
1625 nm




	
179 cm−1

	
1084 nm

	
1594 nm
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