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Abstract： A mode-locked fiber laser using Semiconductor Saturable Absorber Mirrors （SESAMs） is one of the 
popular candidate seed light sources for the construction of picosecond pulse fiber amplifier.  In this paper， the in⁃
fluence of the fiber length of a gain fiber， the reflectance of the Fiber Bragg Grating （FBG）， the modulation 
depth， the unsaturated loss， and the saturation flux of SESAMs， the mode field radii of single-mode transmission 
fibers and a single-mode gain fiber， on the output pulse characteristics， have been theoretically analyzed using the 
nonlinear Schrodinger equations.  The characteristics of the pulse and the spectrum of an outputted laser have also 
been investigated theoretically.  According to the simulation results， we built an ytterbium-doped mode-locking fi⁃
ber laser system based on the non-polarization-maintaining linear cavity and a SESAM.  Without any compensa⁃
tion for intra-cavity dispersion and external polarization control， a stable mode-locked pulse laser output has been 
achieved with the center wavelength of 1. 06 μm， the pulse width of less than 12. 51 ps， the spectral width of 
0. 32 nm， the repetition rate of 37 MHz， and the output power of 2 mW， respectively.  The spectral edges of laser 
pulses appear smooth in our experiment， and the spectral distribution is close to the Gaussian shape.  Finally， the 
overall structure of the near-infrared mode-locked fiber laser has been optimized by the systematic simulation.  
The mode-locked fiber laser introduced in this paper has a compact non-polarization-maintaining fiber structure， 
simple intra-cavity configuration with fewer components， high-quality output pulse correlation characteristics， 
which might provide a practical seed light source with the excellent performance for the next-generation picosec⁃
ond pulse fiber lasers.
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1.06 µm结构参数最优化非保偏锁模光纤激光器
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摘要：采用半导体可饱和吸收镜的锁模光纤激光器是构建皮秒脉冲光纤放大器的热门候选种子光源之一。
本文利用非线性薛定谔方程从理论上分析了单模传输光纤和单模增益光纤的模场半径、增益光纤的光纤长

度、光纤布拉格光栅的反射率、半导体可饱和吸收镜的调制深度、非饱和损耗和饱和通量对输出脉冲特性的

影响。对输出激光的脉冲和光谱特性也进行了理论研究。根据仿真结果，搭建了基于非保偏线型腔和

SESAM的掺镱锁模光纤激光器系统。在没有任何腔内色散补偿和外部偏振控制的情况下，获得了中心波长

为 1.06 μm、脉冲宽度小于 12.51 ps、光谱宽度为 0.32 nm、重复频率为 37 MHz、输出功率为 2 mW的稳定锁模脉
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冲激光输出。在我们的实验中，激光脉冲的光谱边缘平滑，光谱分布非常接近高斯线型。最后，通过系统的

仿真，近红外锁模光纤激光器的整体结构得到了优化。本文介绍的锁模光纤激光器具有紧凑的非保偏光纤

结构、精简的腔内配置和较少的元器件、高质量的输出脉冲相关特性，有望为下一代皮秒脉冲光纤激光器提

供性能优异的实用化种子光源。
关 键 词：非保偏光纤；高斯线型光谱；锁模光纤激光器；结构优化
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Introduction
SESAMs， composed of a Saturable Absorber （SA） and a Bragg reflector， are the new mode-locked devices developed by the procedure of Metal-Organic Chemical Vapor Deposition （MOCVD）.  Compared with the mode-locking technology with a SA［1］， a Nonlinear Polarization Rotation （NPR）［2］， and a Nonlinear Amplifying Loop Mirror （NALM）［3］， which are seriously affected by the environment and have more complex structures， the SES‐AM mode-locking technology has even higher stability and controllability and is easier to practically apply.  Such regime plays an important role in the construction of picosecond fiber lasers.Since 1992， Keller et al. ， first realized the passive mode-locking of solid-state lasers by using a Fabry-Perot etalon SA， SESAMs have undergone several innova‐tions［4］.  At present， SESAMs have been widely used in the realization of pulse fiber lasers［5， 6］ and pulse solid-state lasers［7-8］.  Since then， many researchers have paid their attentions in such lasers［9， 10］.  In the mode-locked fi‐ber laser based on a SESAM， ring cavity［11］ and linear cavity［12］ are commonly used.  In 2008， Ori Katz et al.  built an all-fiber picosecond pulsed fiber laser using a SESAM［13］.  The dispersion in the cavity was compensat‐ed by a chirped fiber grating， and the polarization state in the cavity was controlled by a polarization controller.  Finally， a 1. 06 μm mode-locked pulse laser with the pulse width of 3. 8 ps was obtained， and the spectrum shape of outputted pulses exhibited a non-Gaussian distri‐bution.  Such a laser was amplified as a seed source， which had the great influence on the spectral characteris‐tics of the amplified pulse.  In 2016， Wang Zi-Wei et al. ， developed a high peak-power picosecond photonic crystal fiber amplifier using a SESAM mode-locked fiber laser as the seed source［14］.  After multi-stage amplifica‐tions， a high-powered pulse laser was obtained with the pulse width of 30 ps and the peak power of 2. 94 MW.  The output characteristics of the seed light are not well satisfactory， which brings about obvious distortion in am‐plified pulses.  In 2018， Sun Jiang et al.  built an all-po‐larization-maintaining ytterbium-doped fiber laser with a linear cavity based on the SESAM mode-locking［15］.  The chirped fiber Bragg grating （CFBG） was used to compen‐sate dispersion， and the all-polarization-maintaining structure was used to control the polarization state in the cavity， and the fiber focusing device was used to spatial‐ly couple the SESAM.  Finally， the mode-locked pulse la‐ser was obtained with the center wavelength and pulse width of 1. 03 μm and 4. 26 ps， respectively.  The fre‐quency domain output characteristics of the pulse are not 

satisfactory， and its spatial coupling SESAM mode is harmful to the integrity of such a fiber laser.  Its all-polar‐ization-maintaining fiber structure greatly increases the price of the system.  In addition， there are many studies on fiber amplifiers using SESAM-based mode-locked fi‐ber lasers as the seed source.  However， most of the SES‐AM-based mode-locked fiber lasers are somewhat compli‐cated and expensive.  Additionally， the improvement of outputted characteristics of mode-locked pulses has not been mentioned in time domain and frequency domain.  The frequency-domain output characteristics of a mode-locked fiber laser are the key factors to obtain the stable mode-locked pulse output.  The higher the edge smooth‐ness of the outputted spectrum is， and the closer the shape is to the ideal line， the more stable the output pow‐er of a mode-locked fiber laser is， and the more difficult the losing-lock becomes， the easier the amplified pulses with better output characteristics in the subsequent am‐plification are obtained.  During constructing an ideal seed source for high-power pulsed fiber lasers， it is nec‐essary to optimize the overall structure of a SESAM mode-locked fiber laser under the premise of ensuring the sta‐ble output， and to maintain the satisfied output character‐istics in both time domain and frequency domain.In order to make the correlation characteristics of outputted pulses for a mode-locked fiber laser with the compact linear cavity more ideal， and to further reduce the development cost， we build a SESAM-based passive‐ly mode-locked fiber laser with the non-polarization main‐taining linear cavity by the use of the theoretical simula‐tion in this paper.  The cavity length can be further short‐ened by using the ytterbium-doped gain fiber with the rel‐atively high absorption coefficient， where any polariza‐tion controllers have not been employed.  Without com‐pensating the dispersion in the cavity， we obtained the stable mode-locked pulse output with the center wave‐length of 1. 06 μm， the pulse width of less than 12 ps， the 3 dB spectral width of 0. 32 nm， the repetition rate of 37 MHz， and the output power of 2 mW， respectively.  The spectral edge of the pulse is smooth， and the spec‐tral shape is very close to the Gaussian distribution.  The similar research reports have been proved to be very rare.  This paper might put forward to a valuable route for the commercialization of the next-generation SESAM mode-locked fiber lasers.
1 Theoretical analyses 

The structure of a linear-cavity fiber laser using the SESAM-based mode-locking is shown in Fig.  1.  An Yb-doped gain fiber with high absorption coefficient was 

used as the lasing element.  A SESAM is used as both the mode-locking device and the high reflector.  A FBG is used as the wavelength selection device.  The resonant cavity is composed of the SESAM and FBG.  A 975 nm semiconductor laser is used as the pump source.  The out‐put pump light is directly coupled to the resonant cavity by a Wavelength Division Multiplexer （WDM）.  The mode-locked laser pulses are outputted from the FBG end， which was acted an output coupler.

When the pulse is transmitted in a single-mode fi‐ber， the relationship is followed by the nonlinear Schro‐dinger equation as expressed by∂Α
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where A is the pulse intensity， T is time， β2 is the sec‐ond-order group velocity dispersion， β3 is the third-order group velocity dispersion， γ is the nonlinear coefficient， 
α is the absorption coefficient， respectively.  When the pulse is transmitted in the Yb-doped fiber， the variation of refractive index n2 is specified by the electric polariza‐tion rate of doped ions χd ：
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where E is energy.  After considering the bandwidth limi‐tation caused by the gain， the group velocity dispersion， 
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where Ep is the instantaneous pulse energy and Esat is the gain saturation energy， respectively.Therefore， when the pulse is transmitted in the fiber doped with rare earth ions， the physical relationship can be given by the following Ginzburg-Landau equation：∂Α
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Two terms on the right side of the equation charac‐terize the nonlinear effect and gain-loss relationship， re‐spectively.
2 Simulation results 
2. 1　Influence of the radius of mode field　The radius of mode field is a parameter to describe the energy transmission concentration of a single-mode fi‐ber， which is important in estimating the fiber loss and dispersion.  Figure 2 is diagramed the output intensity of mode-locked pulses with different mode field radii of a single-mode fiber with 2. 2， 2. 95， 3. 1， 3. 25， and 3. 75 μm， respectively.  Figure 3 illustrates the change trend of the pulse width and spectral width for different mode field radii.  As the mode field radius of the single-mode fiber increases from 2. 2 to 3. 75 μm， the Full Width at Half Maximum （FWHM） of the output mode-locked pulse broadens from 9. 39 to 12. 88 ps， and the FWHM in spectral merely decreases from 5. 69 to 4. 83 nm， respectively.  Figures 2 and 3 show that one can ob‐tain the relatively narrow pulse width using a single mode fiber with the small mode field radius.  The single-mode 
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Fig.  1　The schematic illustration of a SESAM mode-locked fi‐
ber laser with the linear cavity
图1　线型腔SESAM锁模光纤激光器示意图

Fig. 2　Influence of the mode field radius of a single-mode fiber on characteristics in both the time domain (a) and the frequency domain 
(b) for different linear cavity mode-locked laser pulses
图2　单模光纤的模场半径对不同线型腔锁模激光脉冲的时域(a)和频域(b)特性的影响
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used as the lasing element.  A SESAM is used as both the mode-locking device and the high reflector.  A FBG is used as the wavelength selection device.  The resonant cavity is composed of the SESAM and FBG.  A 975 nm semiconductor laser is used as the pump source.  The out‐put pump light is directly coupled to the resonant cavity by a Wavelength Division Multiplexer （WDM）.  The mode-locked laser pulses are outputted from the FBG end， which was acted an output coupler.
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Two terms on the right side of the equation charac‐terize the nonlinear effect and gain-loss relationship， re‐spectively.
2 Simulation results 
2. 1　Influence of the radius of mode field　The radius of mode field is a parameter to describe the energy transmission concentration of a single-mode fi‐ber， which is important in estimating the fiber loss and dispersion.  Figure 2 is diagramed the output intensity of mode-locked pulses with different mode field radii of a single-mode fiber with 2. 2， 2. 95， 3. 1， 3. 25， and 3. 75 μm， respectively.  Figure 3 illustrates the change trend of the pulse width and spectral width for different mode field radii.  As the mode field radius of the single-mode fiber increases from 2. 2 to 3. 75 μm， the Full Width at Half Maximum （FWHM） of the output mode-locked pulse broadens from 9. 39 to 12. 88 ps， and the FWHM in spectral merely decreases from 5. 69 to 4. 83 nm， respectively.  Figures 2 and 3 show that one can ob‐tain the relatively narrow pulse width using a single mode fiber with the small mode field radius.  The single-mode 
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Fig.  1　The schematic illustration of a SESAM mode-locked fi‐
ber laser with the linear cavity
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Fig. 2　Influence of the mode field radius of a single-mode fiber on characteristics in both the time domain (a) and the frequency domain 
(b) for different linear cavity mode-locked laser pulses
图2　单模光纤的模场半径对不同线型腔锁模激光脉冲的时域(a)和频域(b)特性的影响
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fiber with a larger mode field radius has a larger core di‐ameter， which will reduce the laser power density and weaken the nonlinear effect in the cavity， resulting in the gradual narrowing of the spectrum.  According to the prin‐ciple of time bandwidth product， the increase of the pulse width and the decrease of the pulse amplitude can be observed in time domain.  By considering the pulse density drops for a big cross section， it is judicious in se‐lecting a single mode fiber with the small core in which the nonlinear effect is not serious.

2. 2　Influence of the length of a gain fiber　In Fig.  4， the influence of the length of a gain fiber on the output pulse characteristics is shown.  The absorp‐tion coefficient of the gain fiber is 1200 dB/m.  The dis‐persion coefficient of the gain fiber is -35. 905 ps/nm*km.  When the selected length of a gain fiber is in‐creased from 0. 11 to 0. 17 m， the spectral width increas‐es gradually from 2. 84 to 8. 36 nm because the nonlinear effect gradually enhances.  Since the pump energy can be 

absorbed more sufficiently for a gain fiber as long as 0. 17 m， the pulse width reduces to 7. 87 ps.  Figure 5 shows the variation trend of the pulse width and spectral width with seven kinds of gain fiber lengths.  If the length of a gain fiber is too short， the pulse width becomes too big and the mode-locking even cannot maintain.  If the length of a gain fiber is too long， the nonlinear effect be‐comes more serious and is harmful to the amplification process.  Therefore， we select the length region of the gain fiber as 0. 12-0. 14 m， which is proper to achieve the suitable pulse width and spectral width at the same time.
2. 3　Influence of the reflectance of a FBG　The reflectance of a FBG influences the energy re‐turned to the resonant cavity and outputted pulse charac‐teristics.  The output features of mode-locked pulses are shown in Fig.  6 with the FBG reflectance of 20%， 50%， 70%， 80%， and 90%.  When the reflectance of a FBG is increased from 20 to 90%， the spectral width gradual‐ly decreases from 10. 02 to 5. 77 nm.  The gradual nar‐rowing of the spectral width will further reduce the pulse broadening caused by dispersion.  One can see from Fig.  6 that the even narrower spectral width and pulse width can be obtained by appropriately increasing the reflec‐tance of a FBG.  The variation trend of the pulse width and spectral width are also investigated for 14 kinds of reflectance as shown in Fig.  7.  The simulation results show that when the reflectance is 80%， the pulse and spectral widths are 9. 65 ps and 7. 24 nm， respectively.  When the reflectance is raised to 90%， the pulse and spectral widths are 9. 39 ps and 5. 77 nm， respectively.  Thus， we select the reflectance region of the FBG as 80%-90%， which is appropriate to simultaneously achieve the short pulse width and suitable spectral width.
2. 4　Effect of the modulation depth of a SESAM　The greater the modulation depth of a SESAM is， the stronger the ability of a SESAM to absorb the weak 
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Fig.  3　Influence of the mode field radius of a single-mode fiber 
on the pulse width and spectral width
图3　单模光纤的模场半径对脉冲宽度和光谱宽度的影响
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Fig. 4　Influence of the gain fiber length on characteristics in both the time domain (a) and the frequency domain (b) of different linear 
cavity mode-locked laser pulses
图4　增益光纤的长度对不同线型腔锁模激光脉冲的时域(a)和频域(b)特性的影响

signal becomes， and the easier the realization of mode-locked self-starting is.  Figure 8 shows the output of mode-locked pulses when the modulation depth of a SES‐AM is assumed to be 1%， 10%， 20%， 35%， and 45% according to the actual parameters from the SESAM mak‐er.  In Fig.  9， the trend of the pulse width and spectral width with the different SESAM modulation depths.  As the modulation depth of a SESAM is increased from 1 to 45%， the pulse width is decreased from 17. 59 to 8. 09 ps， and the spectral width is broadened from 5. 88 to 6. 5 nm.  From the plot， one can observe that within a certain range， the larger the modulation depth of a SESAM， the narrower the pulse width becomes.  Actually， a large modulation depth will bring the great unsaturated loss， and the small modulation depth will increase the difficul‐ty of mode-locked self-starting.  In this study， consider‐ing the balance of the pulse width and spectral width， we think the suitable region of the modulation depth of a SESAM is of 15% - 25%.

2. 5　Effect of the unsaturated loss of a SESAM　Unsaturated loss is one kind of depletions which ex‐ists even in the saturated state of a SESAM.  Insufficient reflectivity， rough surface， impurities， etc. ， of a SES‐AM can all lead to unsaturated loss.  In Fig.  10， the out‐put characteristics in both the time domain and frequency domain are given with the unsaturated loss of a SESAM of 0. 7%， 10%， 15%， 20%， and 25%.  It is obvious that the pulse width varies a little and the spectral width is al‐most unchanged for different unsaturated losses.In Fig.  11， the variation trend of the pulse width and spectral width is plotted as the function of unsaturat‐ed loss of a SESAM.  As the unsaturated loss of a SESAM is increased from 0. 7% to 25%， the pulse width decreas‐es from 9. 85 ps to 8. 49 ps， and the spectral width is nar‐rowed from 6. 53 nm to 6. 07 nm.  Although the pulse width and spectral width decrease slightly with the in‐crease of unsaturated loss of an SESAM， the outputted power will decrease rapidly because of the big unsaturat‐ed loss.  Therefore， it is better for a user to select a SES‐AM with low unsaturated loss.
2. 6　Effect of the saturation flux of a SESAM　The saturation flux is the photon energy per absorp‐tion cross section when the reflectance of a SESAM is 1/e of its modulation depth， which is directly related to the pump power required to achieve mode-locking self-start‐ing.  In Fig.  12， the output intensity of mode-locked pulses is shown when the saturation flux of a SESAM is 15， 25， 50， 100， and 130 μJ/cm2.Fig.  13 shows the relationship between the pulse width and spectral width and the SESAM saturation flux.  As the saturation flux of a SESAM increases from 15 to 130 μJ/cm2， the pulse width of the mode-locked pulse is obviously broadened from 8. 73 to 14. 6 ps， and the spec‐tral width is narrowed from 6. 95 to 5. 03 nm.  The broad‐ening in the pulse width and the narrowing in the spec‐trum correspond to the continuous enhancement of non‐linear effects of a SESAM.  It can be seen that the satura‐tion flux has the more obvious effect on the pulse width 
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Fig.  5　 Effect of the gain fiber length on the pulse width and 
spectral width
图5　增益光纤的长度对脉冲宽度和光谱宽度的影响

Fig. 6　Influence of the FBG output reflectance on characteristics in both the time domain (a) and the frequency domain (b) of different 
linear cavity mode-locked laser pulses
图6　光纤布拉格光栅的反射率对不同线型腔锁模激光脉冲的时域(a)和频域(b)特性的影响
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signal becomes， and the easier the realization of mode-locked self-starting is.  Figure 8 shows the output of mode-locked pulses when the modulation depth of a SES‐AM is assumed to be 1%， 10%， 20%， 35%， and 45% according to the actual parameters from the SESAM mak‐er.  In Fig.  9， the trend of the pulse width and spectral width with the different SESAM modulation depths.  As the modulation depth of a SESAM is increased from 1 to 45%， the pulse width is decreased from 17. 59 to 8. 09 ps， and the spectral width is broadened from 5. 88 to 6. 5 nm.  From the plot， one can observe that within a certain range， the larger the modulation depth of a SESAM， the narrower the pulse width becomes.  Actually， a large modulation depth will bring the great unsaturated loss， and the small modulation depth will increase the difficul‐ty of mode-locked self-starting.  In this study， consider‐ing the balance of the pulse width and spectral width， we think the suitable region of the modulation depth of a SESAM is of 15% - 25%.

2. 5　Effect of the unsaturated loss of a SESAM　Unsaturated loss is one kind of depletions which ex‐ists even in the saturated state of a SESAM.  Insufficient reflectivity， rough surface， impurities， etc. ， of a SES‐AM can all lead to unsaturated loss.  In Fig.  10， the out‐put characteristics in both the time domain and frequency domain are given with the unsaturated loss of a SESAM of 0. 7%， 10%， 15%， 20%， and 25%.  It is obvious that the pulse width varies a little and the spectral width is al‐most unchanged for different unsaturated losses.In Fig.  11， the variation trend of the pulse width and spectral width is plotted as the function of unsaturat‐ed loss of a SESAM.  As the unsaturated loss of a SESAM is increased from 0. 7% to 25%， the pulse width decreas‐es from 9. 85 ps to 8. 49 ps， and the spectral width is nar‐rowed from 6. 53 nm to 6. 07 nm.  Although the pulse width and spectral width decrease slightly with the in‐crease of unsaturated loss of an SESAM， the outputted power will decrease rapidly because of the big unsaturat‐ed loss.  Therefore， it is better for a user to select a SES‐AM with low unsaturated loss.
2. 6　Effect of the saturation flux of a SESAM　The saturation flux is the photon energy per absorp‐tion cross section when the reflectance of a SESAM is 1/e of its modulation depth， which is directly related to the pump power required to achieve mode-locking self-start‐ing.  In Fig.  12， the output intensity of mode-locked pulses is shown when the saturation flux of a SESAM is 15， 25， 50， 100， and 130 μJ/cm2.Fig.  13 shows the relationship between the pulse width and spectral width and the SESAM saturation flux.  As the saturation flux of a SESAM increases from 15 to 130 μJ/cm2， the pulse width of the mode-locked pulse is obviously broadened from 8. 73 to 14. 6 ps， and the spec‐tral width is narrowed from 6. 95 to 5. 03 nm.  The broad‐ening in the pulse width and the narrowing in the spec‐trum correspond to the continuous enhancement of non‐linear effects of a SESAM.  It can be seen that the satura‐tion flux has the more obvious effect on the pulse width 

0.11 0.12 0.13 0.14 0.15 0.16 0.17
0

5

10

15

20

25

30

0

5

10

15

20

25

30

S
p

e
c
tr

a
l 
w

id
th

 /
 n

m
 

P
u

ls
e

 w
id

th
 /

 p
s

Gain fiber length / m

 Pulse width variation 

 Spectral width variation 

Appropriate Range

 
Fig.  5　 Effect of the gain fiber length on the pulse width and 
spectral width
图5　增益光纤的长度对脉冲宽度和光谱宽度的影响
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Fig. 6　Influence of the FBG output reflectance on characteristics in both the time domain (a) and the frequency domain (b) of different 
linear cavity mode-locked laser pulses
图6　光纤布拉格光栅的反射率对不同线型腔锁模激光脉冲的时域(a)和频域(b)特性的影响
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than on the spectral features.  If the saturation flux is too 

small， the mode-locking self-starting will become some‐what difficult.  If the saturation flux is too large， the non‐linear effect will be serious.  Therefore， it is appropriate to select a SESAM with the saturation flux less than 50 μJ/cm2 as a mode-locked device.  Generally， a SESAM with the relatively small saturation flux is popular to ob‐tain a mode-locked laser pulse with the even narrower pulse width.
3 Experiments and analyses 
3. 1　Experimental system　Using theoretical simulation results analyzed by an approach of control variation， we finally determined all suitable parameters of an Yb-doped fiber laser.  Next， we undertook the experimental verification using a system as shown in Fig.  14.  A FBG （Ruike Huatai Electronic Tech.  Corp.  Ltd.） with the reflectance of 80%， reflec‐tion bandwidth of 0. 31 nm， and center wavelength of 1. 06 μm， was selected as the cavity output coupler.  A 

gain fiber （Yb1200-4-125， n-LIGHT Inc.） with the length of 0. 13 m and a SESAM （SAM-1064-28-15ps-x， German BATOP Ltd.） were utilized as the laser medium and mode-locked device， respectively.  The modulation depth， saturation flux， and reflection bandwidth are 18%， 30 μJ/cm2， and 70 nm， respectively.  Such a SES‐AM is especially suitable for constructing a multi-band mode-locked laser.  The transmission fiber （HI1060， Corning Inc.） is employed as tail fibers and a transmis‐sion jumper.  Note that the length of a tail fiber was strict‐ly controlled as short as possible.
3. 2　Experimental results and analyses　When the power of the 976 nm pump LD was gradu‐ally increased from 0 to 24 mW， the unstable pulse las‐ing can be observed through an 8 GHz oscilloscope.  When the pump power is increased to 27 mW， a pulse cluster is generated.  When the pump power is increased 
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Fig.  7　Influence of the reflectance of a FBG on the pulse width 
and spectral width
图7　光纤布拉格光栅的反射率对脉冲宽度和光谱宽度的影响
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Fig. 8　Influence of the SESAM modulation depth on characteristics in both the time domain (a) and the frequency domain (b) of differ‐
ent linear cavity mode-locked laser pulses
图8　SESAM的调制深度对不同线型腔锁模激光脉冲的时域(a)和频域(b)特性的影响
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Fig.  9　Effect of the modulation depth of a SESAM on the pulse 
width and spectral width
图9　SESAM的调制深度对脉冲宽度和光谱宽度的影响

to 40 mW， a stable mode-locked pulse output can be achieved with the repetition rate of 37 MHz.  The output average power was measured as 0. 45 mW by a power me‐ter （Newport1830-R）.  The spectral width of the mode-locked pulse was measured as 0. 22 nm@3 dB at the cen‐ter wavelength of 1. 06 μm by using a spectrometer 
（AQ6373-10-H， YOKOGAWA Inc.）.  The spectral width is much narrower than the theoretical results be‐cause the reflection bandwidth of the selected FBG is as narrow as 0. 31 nm.  The measured pulse sequence and spectrum are shown in Figs.  15 （a） and （b） for stable mode locking， respectively.  It can be seen that the spec‐tral edge of the mode-locked pulse is quite smooth， and the overall shape is very close to the Gaussian distribu‐tion.  The input-output power characteristics are plotted for our mode-locked fiber laser in Fig.  16.Next， the pump power was gradually increased to 65 mW， and the output power is increased to 2 mW.  Af‐ter working for 5 hours， we observed that the mode-locked pulse maintained stably， and the output power 

has no obvious fluctuation.  When the pump power was increased to 66 mW， the regular single pulse output changed to an irregular double pulse one for our mode-

Fig. 10　Influence of the SESAM unsaturated loss on characteristics in both the time domain (a) and the frequency domain (b) of differ‐
ent linear cavity mode-locked laser pulses
图10　SESAM的非饱和损耗对不同线型腔锁模激光脉冲的时域(a)和频域(b)特性的影响

0 5 10 15 20 25
6.0

6.5

7.0

7.5

8.0

8.5

9.0

9.5

10.0

6.0

6.5

7.0

7.5

8.0

8.5

9.0

9.5

10.0

 Pulse width variation

 Spectral width variation

S
p
e
c
tr

a
l 
w

id
th

 /
 n

m
 

P
u
ls

e
 w

id
th

 /
 p

s

Unsaturated loss / %  
Fig.  11　Effect of unsaturated loss of SESAM on the pulse width 
and spectral width
图11　SESAM的非饱和损耗对脉冲宽度和光谱宽度的影响
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Fig. 12　 Influence of SESAM saturation flux on characteristics 
in both the time domain (a) and the frequency domain (b) of dif‐
ferent linear cavity mode-locked laser pulses
图 12　SESAM的饱和通量对不同线型腔锁模激光脉冲的时域
(a)和频域(b)特性的影响
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to 40 mW， a stable mode-locked pulse output can be achieved with the repetition rate of 37 MHz.  The output average power was measured as 0. 45 mW by a power me‐ter （Newport1830-R）.  The spectral width of the mode-locked pulse was measured as 0. 22 nm@3 dB at the cen‐ter wavelength of 1. 06 μm by using a spectrometer 
（AQ6373-10-H， YOKOGAWA Inc.）.  The spectral width is much narrower than the theoretical results be‐cause the reflection bandwidth of the selected FBG is as narrow as 0. 31 nm.  The measured pulse sequence and spectrum are shown in Figs.  15 （a） and （b） for stable mode locking， respectively.  It can be seen that the spec‐tral edge of the mode-locked pulse is quite smooth， and the overall shape is very close to the Gaussian distribu‐tion.  The input-output power characteristics are plotted for our mode-locked fiber laser in Fig.  16.Next， the pump power was gradually increased to 65 mW， and the output power is increased to 2 mW.  Af‐ter working for 5 hours， we observed that the mode-locked pulse maintained stably， and the output power 

has no obvious fluctuation.  When the pump power was increased to 66 mW， the regular single pulse output changed to an irregular double pulse one for our mode-
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locked laser， and the time interval between two mode-locked pulses is about 0. 027 μs， as shown in Fig.  17.  The reason of presence of double pulses is thought to de‐rive from the high-order harmonic mode-locking.  Note that the spectral characteristics of the output pulse had no obvious variation at that time.

The spectra of the mode-locked pulses are also com‐pared for different pump power as shown in Fig.  18.  It is found that the 3 dB spectral width is slightly broadened from 0. 22 to 0. 32 nm with the increase of the pump pow‐er due to the nonlinear effect in the cavity.  However， all the spectral curves remain the good Gaussian-shape.Because the output power of the seed source is low and the peak power is not high enough， the pulse width cannot be detected by the autocorrelation instrument.  In our study， the pre-amplifier module was added to enlarge the outputted power on purpose， and the pulse width can be therefore measured.  The pump power of the seed and pre-amplifier modules are 60 and 100 mW， respectively.  The output pulse width was measured as 12. 51 ps by use of an autocorrelator （A·P·E Ltd.） as shown in Fig.  19.  The pulse train after the pre-amplification was still stable， and the overall shape of the spectrum was confirmed to be 

Fig.  13　Effects of saturation flux of SESAM on the pulse width 
and spectral width
图13　SESAM的饱和通量对脉冲宽度和光谱宽度的影响

Fig.  14　Structural diagram of the experimental setup
图14　实验装置的结构图
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Fig. 15　Pulse train (a) and spectrum (b) of a mode-locked laser 
with the pump power of 40 mW
图 15　泵浦功率为 40 mW的锁模激光器的脉冲序列(a)和光谱
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Fig.  16　Output power as a function of the input power
图16　输入-输出功率特性曲线
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Fig.  17　Generation of mode-locked pulses with the pump pow‐
er of 66 mW
图17　泵浦功率为66 mW时，产生多脉冲锁模

less influenced by nonlinear effects such as amplified spontaneous emission （ASE） and self-phase modulation 
（SPM）.  Considering the positive dispersion and nonlinear effects introduced by the pre-amplifier stage， the pulse width of the seed light should be less than 12. 51 ps.

4 Conclusions 
The mode field radius of a single-mode fiber， the length of a gain fiber， the reflectivity of a FBG， and the main parameters of a SESAM in the linear cavity are theo‐retically analyzed by the numerical simulation for a mode-locked fiber laser.  A subtraction optimization of the laser structure has been realized based on the theoretical re‐sults， and a mode-locked fiber laser with the non-polar‐

ization maintaining linear cavity has been built for experi‐mental verification.  Finally， we obtained a satisfactory mode-locked laser source with the center wavelength of 1. 06 μm， the pulse width of less than 12. 51 ps， the 3 dB spectral width of 0. 32 nm， the repetition rate of 37 MHz， and the output power of 2 mW， respectively.  It is believed that such a mode-locked fiber laser might be valuable as a seed source for the construction of an indus‐trial picosecond pulse laser system in the near future.
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Fig.  18　Spectra of mode-locked pulses with the pump power of 
40， 50， and 60 mW
图18　泵浦功率为40、50和60 mW的锁模脉冲光谱
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Fig.  19　 Mode-locked pulse measured by the autocorrelation 
procedure
图19　通过自相关仪测量的锁模脉冲
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less influenced by nonlinear effects such as amplified spontaneous emission （ASE） and self-phase modulation 
（SPM）.  Considering the positive dispersion and nonlinear effects introduced by the pre-amplifier stage， the pulse width of the seed light should be less than 12. 51 ps.

4 Conclusions 
The mode field radius of a single-mode fiber， the length of a gain fiber， the reflectivity of a FBG， and the main parameters of a SESAM in the linear cavity are theo‐retically analyzed by the numerical simulation for a mode-locked fiber laser.  A subtraction optimization of the laser structure has been realized based on the theoretical re‐sults， and a mode-locked fiber laser with the non-polar‐

ization maintaining linear cavity has been built for experi‐mental verification.  Finally， we obtained a satisfactory mode-locked laser source with the center wavelength of 1. 06 μm， the pulse width of less than 12. 51 ps， the 3 dB spectral width of 0. 32 nm， the repetition rate of 37 MHz， and the output power of 2 mW， respectively.  It is believed that such a mode-locked fiber laser might be valuable as a seed source for the construction of an indus‐trial picosecond pulse laser system in the near future.
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Fig.  18　Spectra of mode-locked pulses with the pump power of 
40， 50， and 60 mW
图18　泵浦功率为40、50和60 mW的锁模脉冲光谱
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Fig.  19　 Mode-locked pulse measured by the autocorrelation 
procedure
图19　通过自相关仪测量的锁模脉冲
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