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Abstract.  The formation of relaxation pulses of a thulium fibre 
laser ( l = 1.9 mm) by modulating the power of a pump erbium fibre 
laser ( l = 1.55 mm) is studied. A theoretical model is developed to 
find the dependences of pulse duration and peak power on different 
cavity parameters. The optimal cavity parameters for achieving the 
minimal pulse duration are determined. The results are confirmed 
by experimental development of a laser emitting pulses with a dura-
tion shorter than 10 ns, a peak power of 1.8 kW and a repetition 
rate of 50 kHz.
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1. Introduction

Fibre  lasers  based  on  ytterbium-  and  erbium-doped  wave-
guides  demonstrate  impressive  results  in  various  operation 
regimes  at  wavelengths  of  1.06  and  1.55 mm. Thulium  and 
holmium fibre lasers have also been extensively studied and 
developed. Of  interest  are  various  optical  schemes  of  these 
lasers, including repetitively pulsed ones with pulse durations 
of  the  order  of  several  nanoseconds.  These  lasers  are  very 
promising for application in lidars [1], medicine [2], spectros-
copy,  mid-  and  far-IR  converters  [3]  and  various  material 
treatment processes.

There exist various methods of generation of short pulses 
with a high repetition rate in the wavelength region near 2 mm. 
These are Q-switching in a solid-state Ho : YAG scheme [4], 
Q-switching in schemes based on thulium-doped waveguides 
[5] and use of a master laser diode (MOPA scheme). However, 
these methods  either  cannot provide high peak powers and 
short durations of pulses or are very complicated and cum-
bersome. In addition, traditional schemes with bulk elements 
in the cavity have high losses and are susceptible to heating, 
while the output beam quality can be spoiled due to thermal 

effects. The MOPA scheme requires appropriate semiconduc-
tor lasers, which are still rather expensive and whose technol-
ogy is not as well developed as the technology of distributed-
feedback lasers emitting at 1.55 mm.

In  contrast  to  these  methods,  gain  modulation  by  the 
pump requires no additional bulk elements in the cavity and 
allows  one  to  implement  a  simple  all-fibre  system.  This 
approach is an effective alternative for obtaining 2-mm pulses. 
Recently,  many  researchers  have  paid  attention  to  this 
scheme,  but  the  shortest  pulse  duration  obtained  by  gain 
modulation  is  no  less  than  10  ns  [6].  Shorter  pulses  were 
achieved only  in  the case of  self-mode-locking  in a  thulium 
laser [7 – 9].

In the present work, we built a theoretical model of an all-
fibre pulsed thulium laser, used it to calculate the parameters 
of needed components and designed a  laser with a close-to-
optimal configuration. This laser emitted stable pulses with a 
duration shorter than 10 ns and a peak power of 1.8 kW. As 
far as we know, this is the first efficient optimisation of a thu-
lium laser scheme based on theoretical calculations performed 
with varying such parameters as cavity length, output Bragg 
grating  reflection,  thulium  concentration,  pump  absorption 
cross section and pump pulse energy. It is shown that it is pos-
sible to obtain pulses shorter than 5 ns.

2. Experimental setup

The experimental setup scheme is shown in Fig. 1. To modu-
late the laser gain, we pumped the active waveguide by 1558-
nm pulses of an erbium fibre laser designed as a MOPA. The 
pump pulse duration could be changed from 5 to 60 ns, and 
the pulse repetition rate, from 50 to 200 kHz. The laser cavity 
consisted of a thulium-doped fibre (TDF) segment (concen-
tration 600 ppm, core and cladding diameters 16 and 125 mm) 
and  two  fibre Bragg gratings  (FBGs). The highly  reflecting 
(HR)  grating  reflectance was  lower  than  – 25 dB, while  the 
reflectance of the output coupler (OC) was about 8 dB. The 
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Figure 1. Scheme of the experiment.
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cavity length was ~7 cm, and the active waveguide was ~5 cm 
long. To  filter  the  unabsorbed  pump  radiation,  3 m  of  the 
same active  fibre was  fused  to  the output waveguide of  the 
OC.

An important feature of  the used Er  laser  is  its strongly 
broadened  spectrum due  to nonlinear  effects  leading  to  the 
formation of a supercontinuum in the anomalous dispersion 
region  (Fig.  2).  The  laser  spectra  were  measured  by  a 
Yokogawa AQ6375 spectrum analyser, while the pulse oscil-
lograms at wavelengths of 1.5 and 1.9 mm were recorded by an 
InGaAs  photodetector  and  a  Tektronix DPO  3054  oscillo-
scope.

3. Numerical simulation and variation  
of parameters

The dynamics of processes occurring in a thulium laser under 
1.55-mm pulsed pumping can be described by a system of rate 
equations [10, 11]. This system was numerically solved using a 
two-dimensional  (time – distance)  grid  (Fig.  3).  The  power 
evolution of emitted photons with a wavelength of 1908 nm 
was studied for the right- and left-propagating (P + and P –) 
photon  fluxes.  The  numerical  calculation  was  performed 
using  the second-order Runge – Kutta method.  In  the equa-
tions below,  the  symbols of  variables  are omitted  (they  are 
given in Fig. 3):
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Here, N2  is  the concentration of excited electrons, Pp  is  the 
pump pulse power, P + and P – are the powers of right- and 

left-propagating beams at 1908 nm, N0 is the concentration of 
thulium  ions, t  is  the  lifetime, sap  and sas  are  the pump and 
signal absorption cross sections, ses and sep are the signal and 
pump emission  cross  sections, hP  is  the Planck  constant, np 
and ns are the pump and laser frequencies, Ac is the area of the 
waveguide core, с is the velocity of light, nc is the core refrac-
tive index, DW = 2p[1 – cos(a/2)] is the solid angle in which the 
waveguide confines light, and a is the numerical aperture of 
the fibre.

In the calculations, we used the following constants: N0 = 
3.3 ´ 1025 m–3, t = 334 ´ 10–6 s [12], sap = 1.5 ´ 10–25 m2, ses = 
4 ́  10–25 m2 [13], sep = 5 ́  10–27 m2 [13], sas = 3 ́  10–27 m2 [13], 
np = 192.421 THz, ns = 157.124 THz, Ac = 200 mm2, and a = 
0.095.

The pump pulse duration  in  the  calculation and  experi-
ment was 20 ns. This pulse duration was used to avoid a con-
siderable temporal overlap between the pump and laser pulses 
because  this disturbs  stable  lasing. Since numerical  calcula-
tions for a broadband emission are difficult to perform, we, 
for simplicity, chose a  large pump absorption cross section. 
This cross section was determined based on the spectral ratios 
of pump radiation (Fig. 2) and absorption cross sections for 
different spectral components (Fig. 4). Of course, this averag-
ing results in an error in the absorbed power, but, according 
to the simulation, this error is small because the cavity length 
is  short and  the absorbed energy comprises an  insignificant 
part of the total pump pulse energy.

Using the described numerical model, we determined the 
dependences of the generated relaxation pulse characteristics 
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Figure 2. Laser emission spectrum.
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Figure 3. Cavity calculation scheme (h = htc/nc, Nl = L/h, h is the coor-
dinate step, ht is the time step).
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Figure 4. Thulium fibre absorption cross section.
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(duration  and  peak  power)  on  the  cavity  parameters  (OC 
transmission,  cavity  length,  active  fibre  absorption  cross 
section, and concentration of thulium ions), as well as on 
the pump pulse energy. These dependences are presented in 
Figs 5 – 9. In the experiment, we used active waveguides with 
a thulium concentration of 0.5 wt %. The other cavity param-
eters  were  chosen  based  on  the  calculated  dependences  in 
order to obtain the optimal output pulse characteristics. The 
optimal  cavity  parameters  are  determined  to  be  as  follows: 
OC reflection 85 %, cavity  length L = 7 cm and active fibre 
length Lf = 5 cm.

Note that the dependences of the pulse duration and peak 
power on the thulium ion concentration (Fig. 7) were calcu-
lated  at  unchanged  cavity  configuration  and  pump  pulse 
energy. However, with increasing dopant concentration, the 
optimal OC transmittance decreases.

Some dependences of laser parameters close to ours were 
presented  in  [12],  but  they  were  obtained  with  insufficient 
accuracy,  in  particular,  the  range  of  cavity  lengths  shorter 
than 0.2 m was not  considered.  In  addition,  the best  result 
achieved by the authors of  [12] – pulse duration 120 ns –  is 
noticeably higher  than  in other works. The dependences of 
laser characteristics on the pump pulse energy and on the cav-
ity  length,  which  qualitatively  agree  with  our  results,  were 
experimentally obtained in [8, 9, 14].

The  slight deviation between  the  theoretical  and  experi-
mental curves (Fig. 8) can be explained by temperature and 
nonlinear optical effects in the waveguides.

4. Experimental results

Based on the theoretical model, we calculated and fabricated 
a  laser  cavity  with  a  close-to-optimal  configuration.  The 
duration of experimental pulses was about 10 ns, which rather 
well agrees with the calculated results (Fig. 10).
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Figure 5. Dependence of  the  laser pulse duration and peak power on 
the OC reflectance at L = 7 cm; Lf = 5 cm and Ep = 60 mJ.
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Figure 7. Dependences  of  the  pulse  duration  and peak power  on  the 
thulium ion concentration at L = 7 cm, Lf = 5 cm and Ep = 60 mJ.
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Figure 8. Dependences of the pulse duration on the pump pulse energy 
at L = 7 cm and Lf = 5 cm.
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The  relaxation  pulse  spectrum  is  strongly  broadened  to 
longer wavelengths (Fig. 11) due to nonlinear effects, such as 
modulation instability and self-Raman shift of the frequency 
of  formed  solitons, which  leads  to  supercontinuum genera-
tion [15 – 17]. The fraction of radiation in the range 1908 ± 
5 ns was 80 %. The width of the main line (1908 nm) at the 
level of 3 dB was 0.2 nm. At a pulse repetition rate of 50 kHz 
and a pulse duration of ~10 ns,  the pulse peak power  and 
energy are estimated to be 1.8 kW and 18 mJ, respectively.

5. Conclusions

The formation of relaxation pulses by gain modulation in a 
thulium  laser  is  numerically  simulated.  A  good  agreement 
between the calculated and experimental results allows us to 
claim that the dependences plotted by simulation are correct. 
Therefore, the analysis of the model can suggest new ways to 
obtain  shorter  laser  pulses. To  these ways one  can  assign, 
first of all, an  increase  in the thulium ion concentration in 
the fibre. The dopant concentration in commercially avail-
able  lasers  is 2 wt %, which approximately corresponds  to 
2400  ppm.  The  calculations  show  that,  at  the  same  pump 
energy,  cavity  length  and OC  reflection,  the pulse duration 
can be decreased to 5 nc (see Fig. 9), and, with selection of 
an optimal grating, to less than 4 ns. In addition, an increase 
in the pump power will also decrease the pulse duration. In 

the considered cavity, an increase in the pump pulse energy to 
200 mJ will allow one to decrease the pulse duration to 5 ns.

References
  1.  Scholle K., Heumann E., Huber G. Laser Phys. Lett., 1, 285 (2004).
  2.  Scott N.J., Cilip C.M., Fried N.M. IEEE J. Sel. Top. Quantum 

Electron., 15, 435 (2009).
  3.  Creeden D., Ketteridge P.A., Budni P.A., Setzler S.D., Young Y.E., 

McCarthy J.C., Zawilski K., Schunemann P.G., Pollak T.M., 
Chicklis E.P., Jiang M. Opt. Lett., 33, 315 (2008).

  4.  Duan X.M., Yao B.Q., Song C.W., Gao J., Wang Y.Z. Laser 
Phys., 5, 800 (2008).

  5.  Liu C., Ye C., Luo Z., Cheng H., Wu D., Zheng Y., Liu Z., Qu B. 
Opt. Express, 21, 204 (2013).

  6.  Jiang M., Tayebati P. Opt. Lett., 32, 1797 (2007).
  7.  Eckerle M., Kieleck C., Swidersk J., Jackson S.D., Maze G., 

Eichhorn M. Opt. Lett., 37, 512 (2012).
  8.  Swiderski J., Maciejewska M. Laser Phys. Lett., 10, 015107 (2013).
  9.  Swiderski J., Maciejewska M. Opt. Lett., 38, 1624 (2013). 
10.  Tarasov L.V. Fizika processov v generatorakh kogerentnogo 

opticheskogo izlucheniya (Physics of Processes in Coherent Optical 
Radiation Sources) (Moscow: Radio i Svyaz’, 1981).

11.  Yin K., Yang W., Zhang B., Zeng S., Hou J. J. Opt. Soc. Am. B, 
30, 2864 (2013).

12.  Wang F., Shen D., Chen H., Fan D., Lu Q. Opt. Rev., 18, 360 
(2011).

13.  Jackson S.D., King T.A. J. Lightwave Technol., 17, 948 (1999).
14.  Simakov N., Hemming A., Bennetts S., Haub J. Opt. Express, 19, 

14949 (2011). 
15.  Travers J.C. Ph.D. Thesis (Imperial College, London, 2008). 
16.  Tai K., Hasegawa A., Tomita A. Phys. Rev. Lett., 56, 135 (1986).
17.  Hasegawa A., Brinkman W.F. IEEE J. Quantum Electron., 16, 694 

(1980).

0 20 40–40 –20

Pump pulse

Relaxation pulse

0

0.02

0.04

0.06

0.08

0.10

0.12

0

200

400

600

800

1000

1200

1400

Time/ns

A
m

p
lit

u
d

e /
m

V

P
o

w
er

/W

Figure 10. Simulated (dashed line) and experimental (solid line) oscil-
lograms of laser pulses.
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