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Abstract

:

In recent years, mid-infrared fiber lasers based on gas-filled photonic crystal hollow-core fibers (HCFs) have attracted enormous attention. They provide a potential method for the generation of high-power mid-infrared emissions, particularly beyond 4 μm. However, there are high requirements of the pump for wavelength stability, tunability, laser linewidth, etc., due to the narrow absorption linewidth of gases. Here, we present the use of a narrow-linewidth, high-power fiber laser with a highly stable and precisely tunable wavelength at 2 μm for gas absorption. It was a master oscillator power-amplifier (MOPA) structure, consisting of a narrow-linewidth fiber seed and two stages of Thulium-doped fiber amplifiers (TDFAs). The seed wavelength was very stable and was precisely tuned from 1971.4 to 1971.8 nm by temperature. Both stages of the amplifiers were forward-pumping, and a maximum output power of 24.8 W was obtained, with a slope efficiency of about 50.5%. The measured laser linewidth was much narrower than the gas absorption linewidth and the wavelength stability was validated by HBr gas absorption in HCFs. If the seed is replaced, this MOPA laser can provide a versatile pump source for mid-infrared fiber gas lasers.
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1. Introduction


Fiber lasers operating at 2 μm are eye-safe and perform well in atmospheric transmittance and water absorption, so they have significant applications in laser radar, optical communication, surgery and other biomedical fields [1,2,3]. In the past two decades, they have been intensively studied [4,5,6,7,8].



Narrow-linewidth 2 μm fiber lasers are important pump sources for mid-infrared nonlinear frequency conversion [9,10,11] and gas lasers, as many gas molecules, such as CO2 and HBr have absorption lines in this waveband [12,13,14,15]. In the past decade, mid-infrared fiber gas lasers (FGLs) based on gas-filled hollow-core fibers (HCFs) have attracted enormous attention as they can generate laser emissions beyond 4 μm, which is currently very difficult for traditional rare-earth-doped fiber lasers [14,15,16]. In addition, because of their weaker nonlinearity and better heat dissipation capacity compared with solid-core fibers, FGLs are more likely to operate at higher power. In many experiments, high-power, narrow-linewidth fiber pump sources operating at a 2 μm waveband are required for gas absorption. Due to the narrow absorption linewidth of gas molecules, the typical value is currently several hundred megahertz. Although many high-power, narrow-linewidth fiber lasers operating at 2 μm have been reported, and their output power can reach a level of several hundred watts [17,18,19,20], wavelength stability and high-precision tunability are usually ingnored, which is cruicial for mid-infrared FGLs [15,16].



In this paper, we present the use of a high-power, narrow-linewidth 2 μm all-fiber amplifier with a highly stable and precisely tunable wavelength, based on a MOPA structure, which consisted of a narrow-linewidth fiber seed and two stages of TDFAs. The wavelength of the seed was very stable, and was precisely tuned from 1971.4 nm to 1971.8 nm by a thermal method. When the first-stage amplifier worked at ~1 W, the maximum output power of the second-stage amplifier was about 24.8 W, with a slope efficiency of 50.5%. The measured laser linewidth at the maximum output was much narrower than the absorption linewidth of HBr gas. The wavelength stability at maximum power was also validated by HBr gas absorption in HCFs. This work can provide a suitable high-power fiber pump source for mid-infrared FGLs based on HBr or CO2 molecules.




2. Experimental Setup


The experimental setup is shown in Figure 1. A customized 1971 nm single-frequency fiber laser (AdValue Photonics, Tucson, AZ, USA) worked as the seed, which was based on a fiber resonator formed by two fiber Bragg gratings. Under experimental conditions, it needs a sufficient warm-up to operate stably. An optical isolator (insert loss 0.78 dB and isolation 30 dB) was used to protect the seed and avoid damage by the backward laser. The seed laser and the 793 nm pump were combined by combiner1, then imported using 3-m-long thulium doped fibers (TDFs). The core diameter was ~10 μm and the absorption coefficient was 4.5 dB/m at 793 nm. Due to the mode field mismatch between the TDF and the input fiber of the optical isolator, a 0.5-m-long single-mode fiber (SM-GDF-10/125, Nufern) was introduced as the transition fiber to reduce the splicing loss. Compared with direct splicing, the total insertion loss was reduced by 0.5 dB, as shown in Figure 1. The residual pump laser was filtered out completely after the splice1 on the transition fiber. Another isolator (insert loss 0.5 dB and isolation 38.5 dB) was placed between the two amplifier stages to ensure the stability and safety of the first-stage amplifier. The output laser of the first-stage amplifier was used as the seed of the second-stage amplifier. The combiner2 had two pump input ends and both of them were used. The two LDs acted as the forward pump source to pump another 3 m long TDF, which had the same absorption properties as the TDF in the first-stage. The final output power and the spectrum of the MOPA were measured at the end of the TDF.




3. Experimental Results and Discussion


3.1. Seed Characteristics


The seed used in our work was a commercially customized 1971 nm single-frequency fiber laser with a maximum output power of ~60 mW. The linewidth was narrower than 100 kHz and the beam quality was good (M2 < 1.1). Its central wavelength was adjusted by controlling the temperature with voltage. As the specific regulated voltage was unknown, the normalized voltage was used instead. Under different voltage conditions, the output spectrum of the seed was measured by an optical spectrum analyzer (OSA, AQ6375, Yokogawa, Tokyo, Japan, maximum resolution of 0.05 nm) and is shown in Figure 2a. The intensity difference in the figure is mainly due to measurement errors. Figure 2b presents the relationship between the central wavelength of the seed and the normalized voltage. By controlling the voltage, the wavelength of the output laser was tuned from 1971.4 nm to 1971.8 nm, and the minimum wavelength tuning step was due to the voltage controlling accuracy of the electric source.




3.2. The First-Stage Amplifier


We chose the forward pumping approach, which can provide a higher optical signal-to-noise ratio (SNR) than backward pumping. The seed was kept at the maximum output power, and the pump power increased gradually. The output power of the first-stage amplifier was measured at the output end of the isolator2 marked in Figure 2.



As can be seen in Figure 3, the output power increased linearly with the pump power of the 793 nm LD. The maximum laser power was 7.6 W when the pump power was 31.4 W, with a slope efficiency of 27.1%. The insert in Figure 3 shows the output spectrum at this power, which maintained a high quality with no amplified spontaneous emissions (ASE). Besides, the output spectrum resembled the input spectrum and the central wavelength was 1971.42 nm. Due to the resolution of the optical spectrum analyser (OSA) the minimum resolution was 0.05 nm), we could not obtain the exact value of the linewidth.




3.3. The Second-Stage Amplifier


The first-stage amplifier was used as the seed for the second-stage amplifier. The input power was controlled at ~1 W, which was beneficial for the power amplification and maintained good spectral quality. The output power characteristics of the second-stage amplifier is shown in Figure 4a. Similarly, the output power increased in line with the increase of the 793 nm pump’s power. The maximum output power was about 24.8 W, with a slope efficiency of about 50.5%, which was much higher than that of the first-stage amplifier. The difference in output power and the slope efficiency occurred due to the different input signal light power. In the first-stage amplifier, the input signal power from the seed was only ~60 mW, making the amplifier far from the saturated working state. However, in the second-stage amplifier, the input signal power was increased to ~1 W while the TDFs and pump source kept the same characteristics, which greatly accelerated the stimulated radiation process and made the amplifier approach the saturated working state, resulting in a higher slope efficiency. The output spectrum of the second-stage amplifier at maximum power is shown in the upper left corner of Figure 4a. Obviously, it resembled the spectrum of the first-stage amplifier, and showed the same good quality. Furthermore, there was no ASE. The insert in the bottom right of Figure 4a is the near-field pattern with the maximum output power, which indicates that the MOPA operated at fundamental mode.



Furthermore, to better explore the performance of the MOPA, the stability of the output power was measured, as shown in Figure 4b. After the MOPA was thermally stabilized, we measured the power fluctuations within 600 s with an output power of near 10.35 W and 20.55 W. Here we define the fluctuation ratio as the ratio of the difference between the maximum or minimum power and the average power to the average power in 600 s. The ratios were 0.74% and 0.59% respectively, which indicated the good stability of the MOPA. Meanwhile, the system showed good thermal stability during the process due to the necessary heat dissipation measures. When the seed was tuned from 1971.4 nm to 1971.8 nm, the MOPA showed similar power characteristics, and the maximum output power was limited by the available pump power.



Laser linewidth is a key parameter in gas absorption. In our experiment, we used a scanning Fabry-Perot (F-P) interferometer (SA200-18C, Thorlabs, Newton, NJ, USA, 1800~2600 nm, free spectral range (FSR) 1.5 GHz, resolution 7.5 MHz) to measure the linewidth of the MOPA, and the measurement setup is shown in Figure 5a. After being collimated and expended through the lens and mirrors, the output beam was coupled with the F-P interferometer. The controller amplified the signal detected by the interferometer and sent it to the oscilloscope. By measuring the full width at half maximum (FWHM, represented by Δt) of the signal envelope and the time interval between the two adjacent signal envelopes (represented by ΔT), as marked in Figure 5b, the exact linewidth, Δν, of the output laser was calculated by Equation (1):


  Δ ν = F S R   Δ t   Δ T    



(1)







The measurement results are shown in Table 1, which were limited by the resolution of the F-P interferometer. Although we could not obtain the real linewidth, we did ensure that it was much narrower than the absorption spectrum width of most gas molecules used in mid-infrared fiber gas lasers, such as HBr and CO2, whose absorption linewidth is generally in the order of several hundred MHz at low pressure.



For the application of gas absorption, there are high requirements for wavelength stability. To test the wavelength stability of the fiber amplifier in this work, gas absorption method based on HBr-filled HCFs was used because HBr gas has a strong absorption near 1971.7 nm, namely R(2) absorption line [16]. The experimental system is shown in Figure 6. A 5 m long HCF filled with 10 mbar HBr was sealed by two gas chambers. The insert in the figure is the scanning electron micrograph of the HCF’s cross-section. The output beam of the MOPA was coupled with the HCF by the lenses and mirrors. To avoid the generation of mid-infrared laser emission in the HCFs, during the experiments we attenuated the maximum output of the MOPA to about 120 mW, which was lower than the laser’s threshold. The linewidth of gas molecules was a Voigt profile, resulting from Doppler broadening, pressure broadening, and negligible natural broadening. During the measurement, we precisely tuned the seed wavelength across the R(2) absorption line and measured the residual power at the output window, so that the absorption linewidth of the HBr gas was estimated as shown in Figure 7a. The value was about 432 MHz. Subsequently, we kept the MOPA wavelength at the absorption centre near 1971.7 nm, and monitored the change of the residual laser power at the output. The results are shown in Figure 7b. They imply that the MOPA showed very good wavelength stability, because the residual power changed substantially if the laser wavelength shifted away from the absorption centre. Therefore, the MOPA met the need for gas absorption. It can be used as a high-power pump source for mid-infrared FGLs.





4. Conclusions


In this paper, we reported a high-power, narrow-linewidth 2 μm all-fiber MOPA with a highly stable and precisely tunable wavelength, which is the effective pump source for mid-infrared fiber gas lasers. Seeded by a thermal tunable fiber laser ranging from 1971.4 to 1971.8 nm, a maximum output power of 24.8 W was obtained after two-stage TDFAs, with a slope efficiency of about 50.5%, and the measured laser linewidth was only several MHz, which was much narrower than the gas absorption linewidth. The wavelength stability of the amplifier was validated by the absorption measurement of HBr gas in HCFs. By further optimizing the system parameters and increasing the pump power, the output power can be greatly improved. In addition, if we take place of the seed with different wavelengths, this MOPA laser can provide a versatile pump source for mid-infrared FGLs based on photonic crystal HCFs.







Author Contributions


Conceptualization, Z.W. and W.P.; methodology, W.P.; software, Y.C. and H.L.; validation, Z.W., H.L. and Z.Z.; formal analysis, Z.W. and Y.C.; investigation, W.P.; resources, M.W. and Z.Z.; data curation, H.L. and Y.C.; writing—original draft preparation, W.P.; writing—review and editing, Z.W.; visualization, W.P. All authors have read and agreed to the published version of the manuscript.




Funding


This work was supported by the Outstanding Youth Science Fund Project of Hunan Province Natural Science Foundation (2019JJ20023), the National Natural Science Foundation of China (NSFC) (11974427, 12004431), and the State Key Laboratory of Pulsed Power Laser Technology (SKL2020ZR05, SKL2021ZR01).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


The data presented in this study are available on request from the corresponding author. The data are not publicly available due to privacy restrictions.




Conflicts of Interest


The authors declare no conflict of interest.




Sample Availability


Not available.




References


	



Wang, W.C.; Zhou, B.; Xu, S.H.; Yang, Z.M.; Zhang, Q.Y. Recent Advances in Soft Optical Glass Fiber and Fiber Lasers. Prog. Mater. Sci. 2019, 101, 90–171. [Google Scholar] [CrossRef]

	



Henderson, S.W.; Hale, C.P.; Magee, J.R.; Huffaker, A.V. Eye-Safe Coherent Laser Radar System at 2.1 μm Using Tm, Ho:YAG Lasers. Opt. Lett. 1991, 16, 773–775. [Google Scholar] [CrossRef] [PubMed]

	



Polder, K.D.; Bruce, S. Treatment of Melasma Using a Novel 1927 nm Fractional Thulium Fiber Laser: A Pilot Study. Derm. Surg. 2012, 38, 199–206. [Google Scholar] [CrossRef] [PubMed]

	



Peterka, P.; Faure, B.; Blanc, W.; Karásek, M.; Dussardier, B. Theoretical Modelling of S-Band Thulium-Doped Silica Fibre Amplifiers. Opt. Quantum Electron. 2004, 36, 201–212. [Google Scholar] [CrossRef]

	



Sincore, A.; Bradford, J.D.; Cook, J.; Shah, L.; Richardson, M.C. High Average Power Thulium-Doped Silica Fiber Lasers: Review of Systems and Concepts. IEEE J. Select. Topics Quantum Electron. 2018, 24, 1–8. [Google Scholar] [CrossRef]

	



Li, J.; Sun, Z.; Luo, H.; Yan, Z.; Zhou, K.; Liu, Y.; Zhang, L. Wide Wavelength Selectable All-Fiber Thulium Doped Fiber Laser between 1925 nm and 2200 nm. Opt. Express 2014, 22, 5387. [Google Scholar] [CrossRef]

	



Liu, J.; Shi, H.; Liu, K.; Hou, Y.; Wang, P. 210 W Single-Frequency, Single-Polarization, Thulium-Doped All-Fiber MOPA. Opt. Express 2014, 22, 13572. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, Q.; Hou, Y.; Wang, X.; Song, W.; Chen, X.; Bin, W.; Li, J.; Zhao, C.; Wang, P. 5 W Ultra-Low-Noise 2 μm Single-Frequency Fiber Laser for next-Generation Gravitational Wave Detectors. Opt. Lett. 2020, 45, 4911. [Google Scholar] [CrossRef] [PubMed]

	



Gebhardt, M.; Gaida, C.; Kadwani, P.; Sincore, A.; Gehlich, N.; Jeon, C.; Shah, L.; Richardson, M. High Peak-Power Mid-Infrared ZnGeP2 Optical Parametric Oscillator Pumped by a Tm:Fiber Master Oscillator Power Amplifier System. Opt. Lett. 2014, 39, 1212. [Google Scholar] [CrossRef] [PubMed]

	



Dalloz, N.; Robin, T.; Cadier, B.; Kieleck, C.; Eichhorn, M.; Hildenbrand-Dhollande, A. High Power Q-Switched Tm3+, Ho3+-Codoped 2 μm Fiber Laser and Application for Direct OPO Pumping. In Proceedings of the Fiber Lasers XVI: Technology and Systems, San Francisco, CA, USA, 4–7 February 2019; Dong, L., Carter, A.L., Eds.; SPIE: San Francisco, CA, USA, 7 March 2019; p. 18. [Google Scholar]

	



Holmen, L.G.; Fonnum, H. Holmium-Doped Fiber Amplifier for Pumping a ZnGeP2 Optical Parametric Oscillator. Opt. Express 2021, 29, 8477. [Google Scholar] [CrossRef] [PubMed]

	



Miller, H.C.; Radzykewycz, D.T.; Hager, G. An Optically Pumped Mid-Infrared HBr Laser. IEEE J. Quantum Electron. 1994, 30, 2395–2400. [Google Scholar] [CrossRef]

	



McCord, J.E.; Miller, H.C.; Hager, G.; Lampson, A.I.; Crowell, P.G. Experimental Investigation of an Optically Pumped Mid-Infrared Carbon Monoxide Laser. IEEE J. Quantum Electron. 1999, 35, 1602–1612. [Google Scholar] [CrossRef]

	



Aghbolagh, F.B.A.; Nampoothiri, V.; Debord, B.; Gerome, F.; Vincetti, L.; Benabid, F.; Rudolph, W. Mid IR Hollow Core Fiber Gas Laser Emitting at 4.6 μm. Opt. Lett. 2019, 44, 383. [Google Scholar] [CrossRef] [PubMed]

	



Cui, Y.; Huang, W.; Wang, Z.; Wang, M.; Zhou, Z.; Li, Z.; Gao, S.; Wang, Y.; Wang, P. 4.3 μm Fiber Laser in CO2-Filled Hollow-Core Silica Fibers. Optica 2019, 6, 951. [Google Scholar] [CrossRef]

	



Zhou, Z.; Li, H.; Cui, Y.; Huang, W.; Wang, Z. Optically Pumped 4 μm CW HBr Gas Laser Based on Hollow-Core Fiber. Acta Opt. Sin. 2020, 40, 1614001. [Google Scholar] [CrossRef]

	



Meleshkevich, M.; Platonov, N.; Gapontsev, D.; Drozhzhin, A.; Sergeev, V.; Gapontsev, V. 415 W Single-Mode CW Thulium Fiber Laser in All-Fiber Format. In Proceedings of the 2007 European Conference on Lasers and Electro-Optics and the International Quantum Electronics Conference, Munich, Germany, 17–22 June 2007; IEEE: Munich, Germany, 2007; p. 1. [Google Scholar]

	



Tang, Y.; Huang, C.; Wang, S.; Li, H.; Xu, J. High-Power Narrow-Bandwidth Thulium Fiber Laser with an All-Fiber Cavity. Opt. Express 2012, 20, 17539. [Google Scholar] [CrossRef] [PubMed]

	



Wang, X.; Jin, X.; Wu, W.; Zhou, P.; Wang, X.; Xiao, H.; Liu, Z. 310-W Single Frequency Tm-Doped All-Fiber MOPA. IEEE Photon. Technol. Lett. 2015, 27, 677–680. [Google Scholar] [CrossRef]

	



Guan, X.; Yang, C.; Lin, W.; Zhao, Q.; Tan, T.; Gu, Q.; Zhou, K.; Wei, X.; Yang, Z.; Xu, S. Intensity-Noise Suppression in 1950-Nm Single-Frequency Fiber Laser by Bidirectional Amplifier Configuration. Opt. Lett. 2020, 45, 5484. [Google Scholar] [CrossRef] [PubMed]








[image: Molecules 26 05323 g001 550] 





Figure 1. Experimental setup. ISO: isolator; PM: power meter; OSA: optical spectrum analyzer. 
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Figure 2. (a) The output spectrum of the seed under different controlling voltages. The corresponding central wavelengths from left to right are: 1971.42 nm, 1971.49 nm, 1971.56 nm, 1971.65 nm, 1971.72 nm, and 1971.81 nm, with normalized voltages of 0, 0.2, 0.4, 0.6, 0.8, 1, respectively; (b) The relationship between the central wavelength of the seed and the normalized voltage. 
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Figure 3. The output power of the first-stage amplifier and that of the 793 nm pump. Insert: the OSA-measured spectrum of the first-stage amplifier at maximum power. 
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Figure 4. (a) The output power of the second-stage amplifier. The inserts in the upper left corner and bottom right corner are the output spectrum and the near-field pattern with the maximum output power; (b) The stability of the output power in 600 s. 






Figure 4. (a) The output power of the second-stage amplifier. The inserts in the upper left corner and bottom right corner are the output spectrum and the near-field pattern with the maximum output power; (b) The stability of the output power in 600 s.



[image: Molecules 26 05323 g004]







[image: Molecules 26 05323 g005 550] 





Figure 5. (a) Measurement setup for the laser linewidth using scanning Fabry-Perot interferometers; (b) Typical recorded line shapes by the oscilloscope. 
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Figure 6. Measurement setup for the wavelength stability based on HBr gas absorption in HCFs. Insert: the scanning electron micrograph of the HCF’s cross-section. 
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Figure 7. (a) Measured HBr gas absorption linewidth around 1971.7 nm at 10 mbar by fine-tuning of the seed wavelength; (b) the residual laser power after passing through the HBr-filled HCFs, with time at the centre of R(2) absorption line, implying wavelength stability. 
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Table 1. The evolution of the linewidth with the laser power.
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	Power (W)
	ΔT (ms)
	Δt (μs)
	Linewidth (MHz)





	1
	15.18
	66
	6.48



	5
	15.16
	74
	7.26



	10
	15.20
	70
	6.87



	20
	15.24
	72
	7.07
















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2021 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






nav.xhtml


  molecules-26-05323


  
    		
      molecules-26-05323
    


  




  





media/file8.jpg
P
Interferometer

Lens

M2

Oscilloscope Controller 10
oeses oo m S -
&2 8 icee o3 G0 0013 G006 G000

Time (1)

@ ®





media/file11.png
Output window
Output gas cell

T

HCF 5m)

2 um
amplifier






media/file6.jpg
Time )

(b)






media/file1.png
793 nm LD
1971 nm

(Q) sicors

Input 0 1

I Combinerl }

Mirror

SM-GDF-10/125
TDF -

Splicel,  Splice2,
0.5dB 0.5dB

793nm LD M First-stage

amplifier output

TDF

l Combiner2

793nm LD





media/file13.png
1500 2000

1000
Time (s)
(b)

500

o 0 © < N o
o

(M) duind enpisay

1971.7 nm

e @ © ¥ N 9
- o o o o o
(‘N *B) UOISSIWISUR.I) PIZI[BWLION

Wavelength shift AL (pm)

(a)





media/file10.jpg
Output window

Output gas cell

HCF (5 m)

Input window Input gas cell





media/file7.png
(A\) dmod ndynQ

o % I o 0 <
= = = = = =
(] (] (] (] (] (]
[ ] [ ] [ ] [ ] 2
=
=}
= =
w; =
= )
(]
—
=
-
~
73
e’
—
L s @
% £
o
e
—
=
(]
W —
w =
a S
=
A
L] L] L] L] <
0, 4. “ ~ ! S
= = = = = =
A A A A A A
(M) 19mod indinQ
S
uwy
o
-5
o
- 3
o
- _
—_—
E
g8 |
-
-
=y
[—
D =
-2 =
-~ -
g
I
B =2 - <
v —
AEmE :;:2:. '
——— : : v :
* ] 1 -+ ~ =
o1 ol v

(A\) 19mod IndynQ

Pump power (W)

(b)

(a)





media/file12.jpg
10:

A

Residusl pump (mW)

3 % 3 2 0 1 1 6 & S0 1000 1500 2000
‘Wavelength shift & (pm) Time (5)

(@) (b)





media/file9.png
Oscilloscope

—-——

\

Q0

oo O

@ 0

©

Lens

F-P
Interferometer

Controller

(a)

OO o m

0.008 35

| 130
0.006 | bs
s | -
3 0.004 120
E | 115 &b
o) T =
S 0.002} 1108
| Is
0.000

-

-0.024 -0.018 -0012 -0006 0.000
Time (a.u.)

(b)





media/file5.png
Output power (W)
) o

N
1

’ Intensity (dBI-Tl)

-60 4

—]

=204

-404

-80

1970

1971 1972
Wavelength (nm)

1973

slope efficiency 27.1 %

16 24

Pump power (W)

32





media/file3.png
Intensity (dBm)

Wavelength (nm)

I Ml

1970.0 1970.5 1971.0 1971.5 1972.0 1972.5 1973.0

Wavelength (nm)
(a)

1971.8 4

1971.7 4

1971.6 4

1971.5 4

1971.4 4

0.

0

0.2 0.4 0.6 0.8
Normalized voltage

(b)

1.0






media/file4.jpg
Output power (W)
—

g 111 | L

1970 1971 72 973
Wavelength (nm)

slope efficiency 27.1 %

[ 14

0 8 16 24 32
Pump power (W)





media/file0.jpg
793 nm LD

Com!

o1

SM-GDF-10/125

TOF Splicel,  Splice2
05d8 0SB

793nmLD Firststage
amplifir output
Combiner2 1502

793nm LD






media/file2.jpg
Intensity (dBm)

0
700

1970,

170 19705 19720
Wavelength (nm)
(@

w7,

930

Wavelength (nm)

3

-

8

o

W 0
Normalized voltage
(b)






