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Abstract.  The influence of saturable absorber parameters on the 
operation regimes of a dumbbell-shaped thulium fibre laser is stud-
ied. As saturable absorbers, polymer films with nanotubes charac-
terised by different transmission coefficients in the saturated and 
unsaturated states are used. The operation of lasers with absorbers 
of different configurations used to obtain stable Q-switching and 
mode-locking regimes in the spectral range 1930 – 1960 nm is dem-
onstrated. The average output power in the single-pulse mode-lock-
ing regime is 3.5 mW at a pulse repetition rate of 8.4 MHz and a 
pulse duration of 1.08 ps.

Keywords: thulium, fibre laser, passive mode locking, single-walled 
carbon nanotubes.

1. Introduction

Fibre lasers emitting ultrashort pulses in the two-micron 
wavelength region have numerous applications. They are 
widely used in medicine, industry [1], and science [2, 3]. 
Ultrashort pulses of fibre lasers can be obtained in the pas-
sive mode-locking regime by using various nonlinear 
effects, namely, nonlinear polarisation plane rotation [4] 
and nonlinear optical loop mirror [5], or by introducing a 
saturable absorber into the laser cavity. As the latter, one 
can use SESAM semiconductor mirrors [6], films based on 
carbon nanotubes [7] of graphene [8], and topological insula-
tors [9, 10].

Fibre lasers operating in the wavelength range 1.85 – 2.15 mm 
are based on optical fibres doped with thulium, holmium, or 
thulium – holmium complexes. A broad luminescence spec-
trum of thulium waveguides makes it possible to obtain pico- 
and femtosecond pulses. In particular, a thulium fibre laser 

with a nonlinear amplifying loop mirror and a semiconduc-
tor saturable absorber mirror or single-walled carbon 
nanotubes (SWCNTs) emitted pulses with durations of 230 
and 450  fs, respectively [11]. A thulium laser with a ring-
cavity [12] emitted 235-fs pulses due to nonlinear polarisa-
tion plane rotation. To achieve passive mode locking with 
750-fs pulses in a thulium laser with a dumbbell-shaped 
cavity, Kieu and Wise [13] used carbon nanotubes as a sat-
urable absorber.

The modulation depth and the optical losses introduced 
into the cavity by saturable absorbers used to achieve passive 
mode locking in fibre lasers affect the laser operation regime 
and the parameters of laser pulses. For example, laser pulses 
with durations in the range of 523 – 603  fs were achieved in 
[14] using different numbers of graphene layers. Sobon et al. 
[15] obtained pulses with durations from 501 to 530 fs using 
absorbers with different thicknesses based on carbon nano-
tubes.

To obtain passive mode locking in the present work, we 
used three samples of films with SWCNTs. We studied the 
influence exerted by the number of film layers and by the 
transmission coefficient of SWCNT films on the lasing 
characteristics of a dumbbell-shaped thulium fibre laser.

2. Fabrication and study 
of films with nanotubes

Single-walled carbon nanotubes with an average diameter of 
2 nm (TuballТМ) and a concentration of 0.1 mg mL–1 were 
mixed with 1 % aqueous solution of carboxymethyl cellu-
lose. Next, this suspension was exposed to 200-W ultra-
sound for 1.5 h to disintegrate SWCNT bunches and then 
centrifuged in a Beckman Coulter Optima MAX-E ultracen-
trifuge for 1 h with a rate of 50000 rpm. For further investi-
gation, we separated supernatant (3 of 4 ml in the centrifuge 
tube) and diluted it with 1 % aqueous solution of carboxy-
methyl cellulose by factors of 10, 5, and 3 (sample Nos 1, 2, 
and 3, respectively). After this, the suspensions were 
homogenised using a magnetic stirrer, poured into Petri 
dishes, and dried for three days to the complete evaporation 
of water. As a result, we obtained polymer films 15 mm thick 
containing SWCNTs. Taking into account the nanotube 
diameter, the absorption saturation relaxation time was esti-
mated to be 1.8  –  – 2 ps [16].

The scheme of the setup for determining the optical trans-
mission of absorbers is shown in Fig. 1. To determine the 
transmission coefficient in the saturated state, the radiation of 
a thulium laser (l0 = 1960 nm) with a pulse repetition rate of 
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5.3 MHz and a pulse duration of 2 ps was transmitted through 
the SWCNT samples. The average radiation power incident 
on the nanotubes was changed using a variable attenuator 
(VA) in the range from 0 to 2 mW (i.e., the pulse energy varied 
from 0 to 120 pJ). The transmission characteristics of the fab-
ricated films were determined by comparing the pulse powers 
at outputs 1 and 2.

The dependences of the transmission of different absorb-
ers on the pulse energy are presented in Fig. 2a. For precise 
determination of the initial (unsaturated) transmission of 
samples, the transmission of films in the unsaturated regime 
was measured on the setup shown in Fig. 1 using a cw thu-
lium laser with the same wavelength (1960  nm) as a test 
source. The average power incident on the samples was 

changed from 1 to 5  mW. Since the measurements of 
absorption saturation in the pulsed regime showed that a 
noticeable saturation begins approximately from a peak 
power of 1 W, the use of cw lasers with such values of aver-
age power should not affect the transmission of samples. 
Comparing the radiation powers at outputs 1 and 2, we 
determined the transmission coefficients of the studied 
films depending on the incident cw power. The measured 
results are presented in Fig. 2b.

The measured transmission coefficients of the three stud-
ied samples of single-layer SWCNT films in the saturated (TS) 
and non-saturated (TNS) states are as follows: No. 1, TS = 
97 % and TNS = 76 %; No. 2, TS = 96 % and TNS = 65 %; and 
No. 3, TS = 87 % and TNS = 38 %.

3. Study of thulium fibre laser characteristics

The fabricated and characterised samples of absorbers were 
used to study the influence of the number of layers and the 
transmission coefficients of films with nanotubes on the oper-
ation regimes of a thulium fibre laser with a dumbbell-shaped 
cavity. The laser scheme is given in Fig. 3.

A thulium-doped fibre (Eye Safe 9/125 Thulium-Doped 
Single-Mode Single Clad Fiber, Nufern) was pumped 
through a wavelength-division multiplexor WDM by a cw 
laser with a wavelength of 1550 nm and a power of up to 
5 W. As cavity mirrors, we used two optical couplers with 
spliced ports on one side, namely, a 50/50 optical coupler as 
a highly reflecting mirror (the free coupler port terminated 
with a right-angle connector with a minimal backward 
reflection) and a 90/10 coupler as a partially transparent 
mirror. Passive mode locking was achieved by placing poly-
mer films with SWCNTs between two FC/APC optical con-
nectors. The lasing regime was adjusted by tuning polarisa-
tion controllers PCs. The laser characteristics were controlled 
from port ‘Output’.

4. Experimental results

When using one layer of film No. 1 (TS = 97 %, TNS = 76 %), 
we failed to obtain stable pulsed laser regimes. Addition of the 
second layer (total transmission TS = 94 %, TNS = 58 %) 
allowed us to achieve a regular train of pulses (see the inset in 
Fig. 4a) with a period of 120 ns, which corresponds to the cav-
ity roundtrip time. However, the output spectrum (Fig. 4a) 
exhibited a considerable continuous-wave fraction, which 
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Figure 1.  Scheme of the setup for determining the SWCNT transmis-
sion parameters: (VA) variable optical attenuator; (SWCNT) studied 
films with SWCNTs.
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Figure 2.  Dependences of the transmission of three SWCNT films on 
(a) propagating pulse energy and (b) cw radiation power.
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Figure 3.  Scheme of a thulium laser with a dumbbell-shaped cavity: 
(PC) polarisation controller; (SWCNT) films with SWCNTs in a fibre-
optic connector; (Tm fibre) active waveguide; (FC/APC) right-angle 
optical connector; (WDМ) wavelength-division multiplexor.
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makes impossible to use this laser regime for subsequent ampli-
fication and practical application. A similar situation was 
observed for single-layer film No. 2 (TS = 96 %, TNS = 65 %). 
The spectral and temporal characteristics of the output radia-
tion obtained with this film are presented in Fig. 4b.

The use of two-layer film absorber No. 2 (total trans-
mission TS = 92 %, TNS = 42 %) allowed stable thulium 
laser operation in several regimes. At pump power Pp = 
325 mW, the laser operated in a Q-switching (QS) regime. 
The average output power was 1.36 mW, the pulse repeti-
tion period was 110 ms, and the pulse duration was 6 ms. 
The oscillogram and the output spectrum in this regime are 
shown in Fig. 5. Note that the pump power was insufficient 
to excite a mode-locking (ML) regime due to the total 
losses in the cavity, including losses related to the presence 
of a saturable absorber, which did not prevent lasing in the 
pulsed QS regime.

The polarisation dependence of reflection of the loop 
mirrors of the thulium laser made it possible to decrease the 
total cavity losses using a polarisation controller, which 
allowed us, at the same pump power of 325 mW, to achieve 
a transient QS – ML regime, i.e., Q-switching with simulta-
neous mode locking. The repetition rate of pulses inside the 
QS pulse envelope was 8.4  MHz, and the average output 
power was 1.44 mW. The temporal and spectral characteris-
tics of the output radiation in the QS – ML regime are pre-
sented in Fig. 6.
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Figure 4.  Emission spectra and (insets) pulse trains in the case of using 
(a) two layers of film No. 1 and (b) one layer of film No. 2.
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Figure 5.  Oscillogram and (b) spectrum of laser radiation in the QS re-
gime in the case of using two layers of film No. 2; Pp = 325 mW.
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Figure 6.  (a) Temporal and (b) spectral output characteristics of the thu-
lium laser in the QS – ML regime in the case of two layers of film No. 2; 
Pp = 325 mW.
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By additional adjustment of the polarisation controller, 
we obtained a pure mode-locking regime with a pulse repeti-
tion rate of 8.4 MHz at the same pump power (325 mW) (see 
the inset in Fig. 7a). The pulse duration t0 was estimated by 
the autocorrelation function (Fig. 7a) to be 1.08 ps, the aver-
age output power was 3.5 mW, and the laser band width at 
half maximum was 3.7  nm (Fig. 7b). The time-bandwidth 
product was 0.32, which is characteristic for unchirped soli-
tons [17].

The laser spectrum (Fig. 7b) clearly shows Kelly peaks 
[18]. They appear as a result of soliton interference with a dis-
persive wave formed due to periodic variations in gain, losses, 
or dispersion upon pulse propagation in the cavity [19]. By 
the positions of these peaks, it is possible to determine the 
group velocity dispersion parameter (GVDP) from the for-
mula [20]

( )
,

ln
L

N1 2 4 1
sum

N
2 0

2p b t
D =

+
- 	 (1)

where DN is the difference between the frequency of the Nth 
Kelly peak and the centre frequency, t0 is the soliton dura-
tion, b2sum is the cavity GVDP, and L = 23.8 m is the cavity 
length. As a result, we obtain that the cavity GVDP at the 
centre wavelength l0 = 1951.1 nm is b2sum = –0.071 ps2 m–1. 

Changing this parameter by adding fibre segments with dif-
ferent GVDPs, it is possible to achieve generation of conser-
vative and dissipative solitons, as well as of stretched pulses 
[21].

The GVDPs of cavity components are related as

b2SMFLSMF + b2TmLTm = b2sumL,	 (2)

where b2SMF is the GVDP of the single-mode fibre (SMF), 
LSMF is the sum of the double length of the SMF in the linear 
cavity part and the length of the fibre used as mirrors, b2Tm is 
the GVDP of the thulium fibre, and LTm is the double thulium 
fibre length. Therefore, taking into account that LTm = 7 m, 
LSMF = 17.2 m, and b2SMF = –0.068 ps2 m–1, we find that the 
thulium fibre GVDP is b2Tm = –0.074 ps2 m–1.

An increase in the pump power to 396 mW led to gen-
eration of dual pulses with an interval of 30 ns (Fig. 8a). 
This is caused by the fact that a soliton pulse propagating 
in a cavity with given dispersion and nonlinearity can 
have only a definite energy [9]. With increasing pump 
power and, hence, gain, which leads to an increase in the 
energy, pulses bifurcate. The pulse pair repetition period 
coincides with the cavity roundtrip time. The spectral 
characteristics of the output radiation in this regime are 
presented in Fig. 8b.0 2-2-4 4 6 t/ps
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Figure 7.  (a) Autocorrelation function and (inset) oscillogram of laser 
pulses, as well as (b) laser spectrum in the ML regime obtained by using 
two layers of film No. 2; Pp = 325 mW.
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Figure 8.   (a) Oscillogram and (b) spectral characteristics of laser radia-
tion in the case of two layers of film No. 2; Pp = 396 mW.
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In the case of using one layer of film No. 3 (TS = 87 %, 
TNS = 38 %), we also obtained stable lasing regimes, but at a 
higher pump power. At Pp = 396 mW, the laser operated in 
the QS regime with a pulse duration of 4 ms. As is seen from 
Fig. 9a, the pulse repetition period is 100 ms, and the average 
output power is 1.9 mW. The output laser spectrum is shown 
in Fig. 9b. Comparing this regime with the QS regime in the 
case of two layers of sample No. 2, we can conclude that the 
pulse repetition rate can be changed by changing the total 
losses in the cavity and the pump power.

Using single-layer film No. 3, by changing polarisation 
controller position at a constant pump power, we obtained a 
QS – ML regime with an average output power of 2.1 mW. 
The pulse repetition rate inside the QS pulse envelope corre-
sponded to the cavity roundtrip time. The oscillogram and 
spectrum of the output radiation are shown in Fig. 10.

At a pump power of 396 mW, we obtained the ML regime 
by adjusting the polarisation controller. The average output 
power was 3.2 mW (versus 3.5 mW obtained in the ML regime 
with the use of two layers of film No. 2), which testifies to a 
lower laser efficiency in this case. Figure 11a shows the auto-
correlation function of the output radiation in the ML regime. 
The pulse duration was 1.05 ps, the spectral width at a level of 
–3 dB was 3.7 nm (Fig. 11b), and the period was 120 ns (see 
the inset in Fig. 11a). The corresponding time – bandwidth 
product was ~0.32, which, in combination with the presence 
of Kelly peaks in the laser spectrum, indicated the soliton 
regime of laser operation. By formulae (1) and (2), we also 
calculated the GVDPs of the cavity and thulium fibre at the 

t/ms

0.2

0.4

0.6

0.8

1.0

I 
(r

el
. u

n
it

s)
I 

(r
el

. u
n

it
s)

1900 1920 1940 1960
Wavelength/nm

0.1

0.01

1.0

a

b

0 200 400 600 800

Figure 9.  (a) Temporal and (b) spectral characteristics of output radia-
tion in the QS regime in the case of one layer of film No. 3; Pp = 396 mW.
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centre wavelength l0 = 1934 nm to be b2sum = – 0.069 ps2 m–1 
and b2Tm = – 0.067 ps2 m–1, which is close to the above values.

Similar to the case with films No. 2, an increase in the 
pump power to 461 mW lead to soliton bifurcation and to the 
ML regime with dual pulses. The interpulse interval in this 
case was 40 ns (Fig. 12a). The laser spectrum in this operation 
regime is presented in Fig. 12b.

The experimental results are presented in Table 1, in 
which black cells correspond to unstable regimes, grey cells 
indicate the transient region, and uncoloured cells belong 
to stable regimes (ML – DP denotes the ML regime with 
dual pulses). For stable regimes, Table 1 also shows the 

pump power (in mW) at which lasing occurred. The pump 
power in the experiments varied from 100 to 500  mW, 
while higher pump powers caused breakdown of saturable 
absorbers.

Table 1 shows that we did not obtain stable pulsed laser 
regimes using polymer SWCNT films with non-saturated 
transmission TNS ³ 58 % (i.e., for single-layer film Nos 1 
and 2 and two-layer film No. 1). This is related to the tran-
sition to a quasi-cw operation regime due to a high gain in 
the active fibre and a rather high Q-factor of the cavity at 
this TNS level.

The use of two layers of SWCNT film No. 2 with a total 
transmission of 42 % in the non-saturated state and 92 % in 
the saturated state allowed us to achieve several stable 
operation regimes, namely, a QS regime with a pulse repe-
tition period of 110  ms and a pulse duration of 6  ms, a 
QS – ML regime with an ML pulse repetition rate inverse 
to the cavity roundtrip time, an ML regime with a pulse 
repetition rate of 8.4 MHz and an average output power of 
3.5 mW at a pulse duration of 1.08 ps, and an ML regime 
with dual pulses spaced by 30 ns.

When using one layer of SWCNT film No. 3 with TNS 
= 38 % and TS = 87 %, we obtained operation regimes sim-
ilar to those observed with the use of two layers of film 
No.  2, but at a higher pump power. In the QS regime, the 
laser emitted pulses with a period of 100 ms and a duration 
of 4 ms, while the repetition period of ultrashort pulses in 
the QS – ML regime was 120  ns. In the ML regime with 
dual pulses, the interpulse interval was 40 ns. The output 
power in the single-pulse ML regime was 3.2 mW at a pulse 
repetition rate of 8.4  MHz and a pulse duration of about 
1.05 ps. Thus, a decrease in transmission coefficients TS 
and TNS of SWCNT films led to a decrease in the laser effi-
ciency.

Thus, we have demonstrated the influence of the saturable 
absorber parameters on the operation regimes of a dumbbell-
shaped thulium fibre laser. The laser operation regimes are 
optimised for saturable absorber characteristics. It is shown 
that it is preferable to use two layers of SWCNT film No. 2 
with total transmission coefficients of 92 % in saturated and 
42 % in non-saturated states.
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