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Abstract. This article mainly studies the physical model design and code simulation of a 

thulium-doped fiber laser that outputs 1750nm laser. The optical fiber laser has been widely 

used due to its excellent performance compared with other solid-state laser devices. Among all 

types of fiber lasers, ytterbium-doped fiber lasers possess the highest output power, whereas 

they seem to be impractical when an output laser with a longer wavelength is required. 

However, Thulium-doped lasers have huge room for development to solve the problem, whose 

unique center wavelength characteristics provide them with huge utilization value. This article 

shows the electronic transition process a of thulium-doped laser and the power transmission 

diagram in the fiber. Its rate equation and power equation are also listed below. Through paper 

retrieval and data extraction, the values of laser parameters can be accurately confirmed, and its 

power curve can also be obtained through simulation. After analyzing the data obtained from 

the simulation, the working principle of the fiber laser was intuitively displayed, and the 

performance of the system was further evaluated. Last but not least, several limitations of this 

experiment will also be discussed, in order to explore the system more thoroughly. 
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1.  Introduction 

As an important laser device, fiber laser has been widely used in many fields. Its principle is to use the 

glass fiber doped with rare earth ions to enhance photons, thus producing a laser. In fiber lasers, values 

of parameters vary based on different selections of rare earth ions. Previous research has shown that 

erbium and ytterbium-doped fiber lasers have achieved great improvements [1]. However, in order to 

achieve light amplification in wavelength bands other than erbium/ytterbium, fiber lasers using 

thulium as rare earth ions are also worthy of in-depth study. 

The research on Erbium/Ytterbium ion-doped fiber lasers has become increasingly complete in 

previous studies, whereas there are still obvious drawbacks that can not be dealt with. In fact, the 

highest power devices to date have been based on ytterbium-doped silica fibers [2]. However, the 

center wavelength of the laser is usually set near 1080 nm, which is extremely harmful to the human 

eyes [2,3]. Therefore, in order to settle this issue, the research on thulium-doped lasers is particularly 

significant. 

Thulium ions have a wide emission wavelength band and can generate laser in the domain of 1650 

nm to 2000 nm [1,4], which reduces the damage to human eyes in daily use, so it has spacious room 
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for development in remote sensing technology [5,6]. In addition, the unique wavelength range of 

thulium-doped lasers renders them widely applicable to various fields such as medication [1,3,6] and 

future communication systems [1]. In common cases, the wavelength range of pump light used for 

thulium-doped ion lasers is often selected around 790nm. The reason for this is that laser light in this 

band is easily obtained through effective diodes [2]. However, according to the research, using pump 

light in the band near 1550-1600nm can greatly improve the output power and efficiency of the laser 

[4]. The following experiment has also explored in detail the impact of this pump light band on laser 

efficiency. 

Studies on thulium ion fiber lasers intend to help expand the application scope of fiber lasers and 

contribute to the development of laser technology. This article will focus on the study of lasers with 

thulium ions operating near 1750 nm. During the simulation process, a Tm-SiO2 doped fiber with a 

second-order energy level structure was utilized, while a laser of 1600 nm wavelength band was used 

as the pump light [7,8]. This article has reproduced the energy level structure of thulium ions, 

demonstrated the electronic transition process, and used physical model simulation methods to explore 

the magnitude and changing trend of the output power to more comprehensively evaluate the 

performance of the fiber laser. Apart from these, it also has provided theoretical and practical support 

for applications in multiple fields. It is hoped that this research can deepen the understanding of 

thulium ion fiber laser and provide a useful reference for its further optimization and application. 

2.  Model design and parameter settings 

The following part of the article has detailed the theoretical basis used in the experiment, including the 

display of the schematic diagram of the physical model and the listing of the relevant equations. In 

addition, the relevant parameters used in this experiment will be extracted and organized from 

previous literature [1]. 

2.1.  Energy level structure and rate equation 

The system of the electron transition is a 2-level structure. The structure and the detailed process are 

shown in Figure 1. 

 

Figure 1. The Tm3+ energy level structure and electronic transition process. 

N1 and N2 represent the ground state energy level and excited state energy level of the two-level 

structure respectively. In this particular case, the system is a (3F4, 3H6) band in thulium-doped silica. 

Wp, W12, W21, and A21 respectively represent the absorption rate of pump light, the absorption rate of 

signal light, the stimulated emission rate of signal light, and the probability of spontaneous emission of 

signal light. The rate equations of the system are as follows: 
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𝜕𝑁1(𝑧)

𝜕𝑡
= −[𝑊12(𝑧) +𝑊𝑝(𝑧)]𝑁1(𝑧) +𝑊21𝑁2(𝑧) + 𝐴21𝑁2(𝑧) (1) 

 
𝜕𝑁2(𝑧)

𝜕𝑡
= [𝑊12(𝑧) +𝑊𝑝(𝑧)]𝑁1(𝑧) − 𝐴21𝑁2(𝑧) −𝑊21𝑁2(𝑧) (2) 

 𝑁 = 𝑁1(𝑧) + 𝑁2(𝑧) (3) 

In this set of rate equations, the left formula of (1) (2) represents the rate at which the number of 

particles in the two energy levels increases, while the right formula represents the difference between 

the total rate of absorption and the total rate of emission in the energy level. Equation (3) expresses the 

overall particle number material conservation. 

2.2.  Power Equation 

Figure 2 suggests the schematic diagram of laser power propagation. 

 

Figure 2. The schematic diagram of power propagation in optical fiber. 

This figure shows the basic model in which pump light is input from the left end of the grating and 

the lasing light is output from the right end. As shown above, L represents the full length of the 

adopted optical fiber, while Pp(z) and Ps(z) represent the laser power of the pump light and signal light 

at the position z respectively. The power propagation equation of the system may be expressed by the 

subsequent equations: 

 
𝑑𝑃𝑝

+(𝑧)

𝑑𝑧
= 𝛤𝑝(−𝜎𝑝𝑁1(𝑧) − 𝛼𝑝)𝑃𝑝

+(𝑧) (4) 

 
𝑑𝑃𝑝

−(𝑧)

𝑑𝑧
= −𝛤𝑝(−𝜎𝑝𝑁1(𝑧) − 𝛼𝑝)𝑃𝑝

−(𝑧) (5) 

 
𝑑𝑃𝑠

+(𝑧)

𝑑𝑧
= 𝛤𝑠[−𝛼𝑠 + 𝜎21𝑁2(𝑧) − 𝜎12𝑁1(𝑧)]𝑃𝑠

+(𝑧) (6) 

 
𝑑𝑃𝑠

−(𝑧)

𝑑𝑧
= −𝛤𝑠[−𝛼𝑠 + 𝜎21𝑁2(𝑧) − 𝜎12𝑁1(𝑧)]𝑃𝑠

−(𝑧) (7) 

Equations (4) and (5) describe the correlation between the forward transmission power and the 

reverse propagation power of the pump light, while equations (6) and (7) denote the connection 

between the forward transmission power and the reverse propagation power of the signal light. At the 

same time, the threshold power pth of the laser and the saturation power ps, sat and pp, sat of the signal 

light and pump light can also be expressed as equations: 

 

 𝑝𝑡ℎ =
(𝑁𝛤𝑠𝜎12+𝛼𝑠)𝐿+𝑙𝑛(

1

√𝑅1𝑅2
)

1−𝑒−𝛽

𝑣𝑝

𝑣𝑠
𝑝𝑠,𝑠𝑎𝑡 (8) 

 𝑝𝑠,𝑠𝑎𝑡 =
ℎ𝑣𝑠𝐴𝑐

𝜏𝛤𝑠(𝜎12+𝜎21)
 (9) 
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 𝑝𝑝,𝑠𝑎𝑡 =
ℎ𝑣𝑝𝐴𝑐

𝜏𝛤𝑠(𝜎12+𝜎21)
 (10) 

At last, the emitted power and net emitted power of the laser can also be calculated in equations. 

The calculation of the output power in equation (11) is mainly based on the fact that in the grating, the 

laser oscillates back and forth through the mirror to form a gain. The end with a higher refractive index 

is the output end. The output of the system can be obtained by calculating the laser power emitted 

from the output end. power. The calculation of the net output power in equation (12) aims to eliminate 

the influence of the threshold power in the total output power. 

 

 𝑝𝑜𝑢𝑡 = (1− 𝑅2)𝑝𝑠
+(𝐿) (11) 

 𝑝𝑙𝑜𝑢𝑡 =
[𝑝𝑜𝑢𝑡−𝑝𝑡ℎ+𝑎𝑏𝑠(𝑝𝑜𝑢𝑡−𝑝𝑡ℎ)]

2
 (12) 

2.3.  Parameters Setting 

This section has determined the specific values of the parameters in the simulation. From the research 

data provided in previous studies [1], it can be seen that the average energy level lifetime of thulium 

ions is about 6.0-6.6 ms. The pump light absorption coefficient, which can also be referred as the 

cross-section, can be obtained from Figure 3. 

｡ 

Figure 3. The curve of the pump light absorption cross-section changing with wavelength [1]. 

Since the value of the pump light wavelength selected in this experiment is 1600 nm, it can be 

concluded by fitting the data that the pump light absorption cross-section is approximately 3.5x10-25 

m2. Since the selected system has a 2-level structure, the pump light cross-section size of emission can 

be seen as 0. From Figure 4, it is also possible to derive the absorption and emission cross sections of 

the signal light.: 
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Figure 4. The curve of the laser absorption & emission coefficients changes with wavelength [1]. 

By adopting the same method shown above, the laser light cross-section of absorption and emission 

at a wavelength of 1750 nm can also be estimated.  

Finally, The parameters used in this experiment are shown in table 1. 

Table 1. Main parameters of the laser [1]. 

Symbols Parameters Value Unit 

λsp Center wavelength of pump light 1.60× 10−6 𝑚 

λs Center wavelength of signal light 1.75× 10−6 𝑚 

τ Average energy level lifetime of Tm3+ 6.3 × 10−3 𝑠 

σap  Absorption cross-section of pump light 3.46 × 10−25 𝑚2 

σep Emission cross-section of pump light 0 𝑚2 

σas  Absorption cross-section of signal light 3.50 × 10−25 𝑚2 

σes Emission cross-section of signal light 2.50 × 10−25 𝑚2 

A c Core cross-sectional area 3 × 10−11 𝑚2 

N The number of thulium ions doped in the fiber core 8.4 × 1025 𝑚−3 

αp Loss coefficient of double-clad fiber to pump light 2 × 10−3 𝑚−1 

αs Loss coefficient of double-clad fiber to laser light 4 × 10−3 𝑚−1 

L Double-clad fiber length 1 𝑚 

Γp Pump light overlap factor 0.0024  

Γs Laser light overlap factor 0.82  

R1 Left specular reflectance 0.99  

R2 Right specular reflectance 0.635  

2.4.  Simulation Process 

After all the parameters were attained, two different simulations were conducted respectively to gain a 

comprehensive test of performance the fiber laser. In the first simulation, after inputting 10 W pump 

light into the fiber laser via one end, equations (4) (5) (6) (7) were utilized to calculate the laser power 

and the pump power at different positions on the fiber laser. Through the calculations mentioned 

above, the process of light propagation was explicitly displayed. In the second simulation, by varying 
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the power of pump laser, the output laser power was calculated by equation (12). The relation between 

the output laser power and the pump power was explored in this simulation. Further more, this 

simulation was conducted 3 times to ensure the correctness of the conclusion, as the length of the laser 

L changed in each time of the simulation. The results of the two simulations have been shown in the 

following section. 

3.  Results and Discussion 

 

Figure 5. The curves of the power changing with fiber position. 

 

Figure 6. The curve of the laser power changing with pump power when L=1 m. 
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Figure 7. The curve of the laser power changing with pump power when L=5 m. 

 
 

Figure 8. The curve of the laser power changing with pump power when L=10 m. 

3.1.  Result Analysis 

Apart from displaying the results from the simulations above, it is also necessary to go through the 

similar experiments conducted in the past researches, in order that the ideal results in this experiment 

can be estimated and the differences between results can be seen to analyze the limitations and errors 

in the experiment more directly. In the research in [4], pump laser of 976 nm and 1560 nm generated 

from the erbium/ytterbium (Er/Yi) co-doped fiber laser were utilized respectively to produce output 

laser in the wavelength of 1700 nm. As a result, the output power and the pump power appeared to be 

in direct ratio after surpassing the threshold power in both cases, with the slope efficiency in 1560 case 

much higher than it in 976 nm, which validated the idea mentioned before in this article (laser light in 

the range of 1550nm to 1600 nm can improve the efficiency of the laser). Such direct proportion also 

appeared in surveys in [2,9]. Therefore, it is reasonable to infer that the output power would increase 

uniformly with the change of the pump power laser. 
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In the first simulation in the experiment, Figure 5 illustrates alterations in the propagation power of 

both the pump light and signal light, both positively and negatively, across various positions within the 

optical fiber. From the figure, it is evident that when 10W of pump light power is inputted to the left 

end, the positive direction power of the pump light begins to attenuate rapidly, and drops to 0 near 0.3 m, 

while its negative direction power is always 0. The positive and negative directions of the signal light 

The power gradually stabilizes. 

Figure 6, Figure 7, and Figure 8 show the variation of laser power with pump light power when the 

fiber length is 1 m, 5 m, and 10 m respectively. As can be seen in Figure. 6, the overall change in laser 

power shows a significant increasing trend after the pump power is about 1.6 W, which shows that as the 

pump optical power gradually increases, the output laser power also increases. However, the figure 

shows that at some points, the laser power will suddenly decrease to 0. This is a poor convergence 

problem caused by the two-point boundary value method. In addition, the point at which laser power 

begins to increase significantly represents the threshold power of the system. From the illustration, it 

becomes apparent that with the extension of the optical fiber length, the threshold power shows a 

gradual increment, which also means that the difficulty of the system in generating laser light also 

increases. 

3.2.  Limitations and Expectations  

This experiment conducted a preliminary exploration of the performance of thulium-doped fiber lasers. 

Despite the fact that the entire process of laser operation has been simulated and the corresponding 

results have been analyzed in detail, there are still particulars that have not been thought out carefully.  

The system's functionality has been evaluated through prior testing, which involved altering the 

length value of the double-clad fiber, which is one of the simplest ways to do so. Nevertheless, there 

are also methods that have not been covered in the experiment that can render more thorough details to 

be noticed. For instance, the concentration of thulium ions can be changed to observe the alteration in 

output laser power. In practical cases, other ions such as aluminum ions have also been doped in the 

fiber to increase the total magnitude of solubility, so that the phenomenon of ion clustering in Tm3+ 

can be avoided [7,8]. In the aluminum/thulium (Al/Tm) co-doped case, it is found that when the ratio 

of Al3+ to Tm3+ is larger than 10, the clustering issue can be effectively avoided [10]. As a result, the 

efficiency of the whole system can also be improved when choosing the proper amount of ion 

concentration. Moreover, different selections of co-doped ions can in fact also vary in particularity. 

According to the research of S. Chen and his coworkers [11], the newly developed germanium 

/thulium (Ge/Tm) co-doped silica fiber has superior performance in amplifying lasers of short 

wavelength, which means that what co-doped ions to be selected also matters in different cases of laser 

production. 

In spite of the issues mentioned above, there are also problems that have not been covered in this 

article regarding the materials when the model was actually built in real life. Take the parameters 

setting process as an example, instead of attaining the statistics such as absorption and emission area 

from the previous research, it would be more accurate to take actual measurements of the data in 

real-life experiments. However, it in fact can lead to a series of problems of inaccuracy, as distortion 

of the fiber is likely to happen due to the properties of the material [8]. Such kind of situations can not 

be effectively predicted in model establishing. Instead, it should be additionally considered before 

practicing the system. 

Unfortunately, the relevant research on the topics mentioned above has not been explored 

thoroughly in this experiment, thus hopefully they can be discussed in detail in the future studies. 

4.  Conclusion 

In conclusion, this article has demonstrated the physical model and code simulation of a 1750 nm 

thulium-doped fiber laser. The pump light with a wavelength of 1600 nm was input to study the 

changes in laser power in detail theoretically and experimentally. As a result, the fiber laser managed 

to yield stable output laser power, thus with the increase of the pump power, the laser has also been 
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enhanced respectively. The experimental validation has underscored the capability of thulium ions in 

generating stable power lasers within the wavelength spectrum of 1700-1800 nm, thus consolidating 

the significance of continued research in the realm of thulium-doped lasers. 

The prospects for the future development of optical fiber laser are promising. One of the most 

effective techniques for advancement lies in the adjustment of parameter values and the optimization 

of manufacturing processes for real fiber lasers. While this study has laid a foundational framework, 

practical implementation may encounter challenges that lead to the necessity of further investigation. 

By digging deeper into these specific aspects, researchers can enhance the efficiency and reliability of 

thulium-doped fiber lasers, by investigating alternative doped ions or integrating advanced materials to 

enhance laser output characteristics, thereby expanding their practical applications in various fields. 

Additionally, it is also necessary to break out of the existing researching ideas, such as exploring the 

potential for hybrid laser systems, combining thulium-doped fibers with other pump laser sources or 

amplification techniques, or even utilizing deep learning as an optimization tool in the design, which 

could broaden the scope of applications for these devices. 

In summary, while this article proved the feasibility of the basic thulium-doped lasers, it failed to 

explore further into the detailed optimization techniques to enhance the performance of the system. To 

make improvements, the ongoing development of relevant research in this field should be highlighted. 

By embracing these challenges and opportunities, researchers can continue to advance the frontiers of 

laser technology and facilitate the emergence of novel innovations and applications in the future. 
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