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Abstract.  Using an improved travelling wave model, we have 
numerically investigated the dynamics of a Q-switched bismuth-
doped fibre laser. Comparison of simulation results with previously 
reported experimental data demonstrates good agreement of the 
multipeak lasing structure and the shape of the strongest pulses at 
various levels of pumping. We have assessed the effect of the main 
laser parameters on output laser characteristics and quantitatively 
evaluated the effects of the nonsaturable loss in the active fibre and 
amplified spontaneous emission on output power saturation. Based 
on analysis of time-dependent light intensity and gain distributions 
in the gain medium at different instants in time, we have formulated 
recommendations how to improve output laser characteristics.

Keywords: dynamics of lasing, Q-switching, fibre laser, bismuth.

1. Introduction

In recent years, bismuth-doped fibre lasers have been the 
subject of intense research. Characteristic features of such 
lasers are high efficiency of bismuth-doped active fibre and 
a broad emission spectrum. Bismuth-doped aluminosilicate, 
phosphosilicate, and germanosilicate active fibres have a 
few broad luminescence bands, which enables lasing in the 
range 1.15 – 1.75 mm [1, 2]. Of particular research interest are 
bismuth fibre lasers operating in the wavelength range 
1.2 – 1.3 mm, which is not covered by rare-earth-doped fibre 
lasers [2]. Most studies so far have addressed cw and mode-
locked operation of bismuth fibre lasers [2 – 6], whereas 
there has been less work on Q-switched operation of bis-
muth fibre lasers, even though many such studies have been 
reported for other fibre lasers [7 – 11]. Only a few experimen-
tal studies concerned with Q-switched bismuth fibre lasers 
have been reported to date [12 – 14], and only Khegai et al. 
[14] experimentally investigated actively Q-switched opera-
tion of a bismuth-doped phosphosilicate fibre laser emitting 
at a wavelength of 1.33 mm. In our opinion, they used a very 
advantageous experimental configuration for Q-switching: 
two-side-pumped ring laser with minimised spontaneous 
emission.

The objectives of this work are to gain insight into the key 
features of the operation of such a laser using an adequate 
numerical model, compare simulation results with experimen-
tal data, and make recommendations on how to improve per-
formance characteristics of the laser.

2. Model laser

The gain medium of the ring laser [14] consists of two pieces 
of active fibre, which are pumped on opposite sides. 
Unidirectional lasing is ensured by an optical isolator. An 
acousto-optic modulator (AOM) located between the two 
fibre sections is used as a Q-switch. This configuration is 
attractive in that, when the modulator is closed, there is rather 
low level of amplified spontaneous emission (ASE), which 
otherwise may reduce Q-switched operation efficiency. When 
closed, the modulator transmits neither spontaneous emis-
sion (1.33 mm range) nor pump light (~1.23 mm). When open, 
the modulator has a spontaneous emission attenuation coef-
ficient of 0.9 and does not transmit pump light. (Details of the 
experiment can be found in Ref. [14]).

Figure 1 shows a schematic of the laser. The total length 
of the two fibre sections is L = L1 + L2. At the output of 
the second fibre section (coordinate x = L), there are an 
optical isolator and wavelength-selective output coupler. 
Since the laser cavity length is L = 100 m, the sizes of the 
AOM, isolator, and mirror can be neglected. In this con-
figuration, a light wave reflected from the selective mirror 
at the x = L point arrives at the x = 0 point (shown by a 
dashed line in the schematic). The pump beam is split into 
two parts (light at the x = 0 and x = L points), which prop-
agate in opposite directions.
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Figure 1.  Schematic of the model laser.
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It is worth noting that, when the modulator is open, a 
light wave diffracted from a travelling acoustic wave and, 
accordingly, frequency-shifted is transmitted through it to 
the amplifier. The frequency shift on each cavity pass pre-
vents mode structure formation, so the laser is modeless 
[15,  16].

Amplified spontaneous emission conversion in the laser 
under consideration has a number of distinctive features. 
ASE waves in the gain medium can be described by for-
mally representing them as two components differing in 
spectral bandwidth. One component is narrow (its band-
width corresponds to the reflection bandwidth of the selec-
tive mirror) and the other is broad (its bandwidth is of the 
order of the gain bandwidth). Only one narrow-band ASE 
wave, of intensity ,ws

+ partially reflected from the mirror, 
provides feedback in the ring cavity. The broadband wave 
of intensity va

+  is not reflected from the mirror, and the 
broadband wave of intensity va

-  is not transmitted by the 
optical isolator. The intensity ratio of the ASE waves in 
our model is taken to be roughly equal to the ratio of their 
spectral bandwidths. This is strictly so only for a purely 
Gaussian (or rectangular) gain profile, but a more accurate 
relation is difficult to obtain because there are no accurate 
data on the shape of the spectrum of bismuth active centres 
(BACs).

It is easy to see that, from the viewpoint of competition 
between the waves, the conditions that develop when the 
modulator is open are favourable for the signal wave of 
intensity ws

+ . This wave is amplified considerably more 
rapidly owing to the feedback and saturates the medium, 
resulting in unidirectional lasing. In the interval [0, L1], 
where the light reflected from the mirror arrives, the inten-
sity ws

+  in the case of a positive gain is always lower than 
that in the interval [L1, L]. This type of intensity distribu-
tion allows the [0, L1] section of the gain medium to be 
formally referred to as an oscillator, and the [L1, L] sec-
tion, as an amplifier.

3. Model and equations

For the pump process chosen [14], the gain medium is repre-
sented by a quasi-two-level model. For the pump (l = 
1.23 mm), signal, and ASE (l =1.33 mm) fields, the transport 
equation approximation is used in calculations (see e.g. Refs 
[7 – 10]). Equations for the pump (wp

! ), signal (ws
+ ), and ASE 

(va
! ) intensities take into account nonsaturable losses at the 

corresponding wavelengths. The numerical model assumes 
that the pump, signal, and broadband ASE fields change the 
population of the upper laser level of BACs. The relaxation 
time of this level, T10, is thought to be roughly constant and 
independent of the degree and mechanism of its excitation. 
We found no published data on possible variations in the 
relaxation time of BACs.

For normalised quantities, the equations and boundary 
conditions have the form
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Here, t is the time normalised to the gain medium (cavity) 
single-pass time, Tc; x is the coordinate normalised to the 
gain medium length, L; / ( )w T I hvp c ap p ps=! !  (where Ip

!  is the 
dimensional pump intensity; sa p is the absorption cross sec-
tion at the pump wavelength; and hvp is the pump photon 
energy);  / ( )w T I hvs c es s ss=! !  (where Is

!  is the dimensional 
signal intensity; se s is the stimulated emission cross section 
at the signal wavelength; and hvs is the signal photon energy);  

/ ( )v T I hva c es a ss=! !  (where Ia
!  is the dimensional broadband 

ASE intensity in the corresponding direction); w w wp p p= ++ - ; 
w w v vs a a= + ++ + - ; n = Lse sN is a dimensionless BAC con-
centration (where N is the dimensional BAC concentration); 
n0(x, t) and n1(x, t) are dimensionless populations of the lower 
and upper laser levels, expressed through the corresponding 
dimensional populations, like in the case of the dimensionless 
BAC concentration; qp and qs are the dimensional nonsatu-
rable losses at the pump and signal wavelengths, respectively; 
the DW /4p ratio determines the solid angle subtended by the 
spontaneous emission propagating in the fibre; the coeffi-
cient ks determines the fraction of ASE involved in lasing 
and is the ratio of the reflection bandwidth of the mirror to 
the gain bandwidth; R is the reflectivity of the mirror; x = 
Tc/T10; g = sa p/se s; d = se p/se s; v = sa s/se s; and m = se p/sa p 
(where sep is the stimulated emission cross section at the 
pump wavelength and sa s is the absorption cross section at 
the signal wavelength).

The numerical values of the main parameters were taken 
equal or similar to those given in Ref. [14]: T10 = 700 ms, 
n  = 4.1 ́  1016  cm–3, sa p = 2.4 ́  10–20  cm2, se p = 0.34 ́  
10–20 cm2, sa s = 1.5 ́  10–20 cm2, and se s = 1.6 ́  10–20 cm2. 
The nonsaturable losses at the pump and signal wavelengths 
were qp = 1.29 ́  10–4  cm–1 and qs = 5.76 ́  10–5  cm–1 [14]. 
For spontaneous emission, we estimated DW /(4p) = 10–4 
and ks = 10–2. In most calculations, we took R = 0.1 and 
L1 = L2 = 120 m.

4. Comparison of the calculation results 
and experimental data

Figure 2 shows the calculated output power of the laser at 
various total pump powers launched into the two sections of 
the active fibre. The modulator is periodically turned on for 
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~15  ms at a frequency of 500  Hz. The calculations were 
made for L1 = L2 = 120 m and several pump powers. Time 
zero is the instant at which the modulator is opened, and 
the time scale uses normalised units. Here and in what 
follows, the variation in the quality factor was modelled 
by a smooth exponential curve with a characteristic rise 
time of ~20 ns.

On the whole, the time dependences of the output 
power agree rather well with experimental data [14]. They 
have the form of a few pulses forming a spike structure. 
The pump power influences the time delay of the entire 
structure relative to the instant at which the modulator is 
turned on and also the power distribution between indi-
vidual pulses. The shape of the laser pulses leads us to 

assume that appreciable saturation of the laser transition 
occurs only after the last pulse.

The numerical scheme used in our calculations allows for 
clear interpretation of results because normalised variables 
meet the relation Dx = Dt. Clearly, the formation of the first 
pulse from the narrow-band spontaneous emission compo-
nent begins directly after the modulator, located in the middle 
of the gain medium, is opened. Because of this, the pulse is 
formed before a detectable level is reached, in a half-integer 
time t. The delay corresponding to the pulse formation time 
increases with decreasing pump power. It is seen from Fig. 2 
that the time delay of the first pulse is t = 3.5 – 9.5, depending 
on Pp.

At a relatively low pump power, the structure has a 
different shape (Fig. 2e). In general terms, the reason for 
this is that an individual pulse causes only a slight decrease 
in inversion, its relatively low intensity decreases slowly, 
and it has an increased width, so the next pulse begins 
before it ends. The detailed physics underlying the forma-
tion of the spike lasing structure is discussed in the next 
section, where we consider the dynamics of the intensity 
and gain distributions along the length of the active 
medium.

Since ASE plays a key role in the laser under consider-
ation, it is of interest to assess the effect of initial sponta-
neous emission intensity on the amplitude and shape of 
output pulses. Figure 3 shows calculation results obtained 
at a varied coefficient ks (within the model used) and a 
constant pump power Pp = 0.52  W. The coefficient is 
indicated at the right of each panel. It is seen that even 
considerable changes in ks have little effect on the pulse 
amplitude and shape. At the same time, increasing the 
intensity of the spontaneous emission involved in laser 
signal formation reduces the time delay of output pulses, 
as would be expected. In a number of calculations, we 
took into account the stochastic character of spontaneous 
emission at ks = 10–1. To this end, a Langevin factor 
ranging in amplitude from zero to unity was added to the 
last term in Eqns (2) and (3). The frequency of changes 
roughly corresponded to the inverse of the photon life-
time in the gain medium: ~108 s–1. Spontaneous emission 
stochastisation was found to have a rather weak effect on 
the pulse position and shape. Figure 4 shows the most 
intense pulses generated at a pump power of 0.9 W. It is 
seen that, in the former case (lasing originates from con-
tinuous spontaneous emission), the pulse, of duration 
~20 ns, is rather smooth, and its edge width is close to the 
instant when the modulator was opened. In the latter 
case, there is an insignificant delay and slight distortions 
of the pulse shape. The discrepancy between the pulse 
width and the experimentally measured one (~80 ns) can 
be accounted for by the slower switching-on of the modu-
lator in the experiment. It is also possible that the intensi-
ties of different spectral components of the light being 
amplified grow at different rates, which leads to pulse 
edge broadening.

Increasing the pump power leads to saturation of the total 
pulse energy Eout. The shape of the calculated curve (Fig. 5) 
agrees well with experimental data. At the same time, the 
absolute energy values are about 30 % lower than the experi-
mentally determined ones. Calculations demonstrate that, in 
the range of pump powers under consideration, the intensity 
of counterpropagating waves of broadband ASE has no 
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Figure 2.  Output laser pulses at different pump powers.
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noticeable effect on Eout because, at the instant when lasing 
begins, the maximum values of va

+  and va
-  are more than four 

orders of magnitude lower than the pulse amplitude (the data 
in Fig. 3 also confirm that ASE has a weak effect). The quan-
titative effect of the nonsaturable loss qs at Pp = 1 W reduces 
to the following: As qs decreases by a factor of 3, Eout 
increases, ensuring agreement with experimental data. A 

decrease in qs by a factor of 10 is accompanied by a twofold 
increase in Eout relative to the data in Fig. 5. At qs = 0, Eout 
increases by an additional 15 %. This is not surprising because 
the nonsaturable loss qs in the laser under consideration is 
about a factor of 2.5 smaller than the loss due to the mirror 
(R = 0.09 in the experiment).

5. Discussion

The good agreement between the calculation results and 
experimental data [14] allows output characteristics of the 
laser under consideration to be predicted with a reasonable 
probability for another set of its parameters. Since the 
most important parameter is the output power Pout, we 
performed a series of calculations to assess how the reflec-
tivity of the mirror (R) and the geometric dimensions L1 
and L2 influence Pout. The parameters of the gain medium 
were fixed in the calculations, and the pump power was 
constant at 1 W. For comparison, Fig. 6a shows previous 
results and Figs 6b and 6c show calculation results for 
other values of R, L1, and L2 (indicated at the right of each 
panel). In calculating Pout (Fig. 6c), the ratio of the frac-
tional pump powers for the oscillator and amplifier was 
taken to be equal to the ratio of the lengths of the corre-
sponding fibre sections. The other numbers in Fig. 6 indi-
cate the time of each pulse.

All other calculation parameters being constant, R = 0.32 
was found to be an optimal value. It is seen from Fig. 6b that, 
at R = 0.32, the structure of the pulses is shifted to shorter t 
by unity and the peak power of the highest pulse is approxi-
mately twice that at R = 0.09 in experiments. Varying the 
ratio of the lengths of the oscillator and amplifier sections 
also changes the time shift, but at R = 0.32 the output power 
rises only slightly (Fig. 6c). These calculations demonstrate 
that, to maximise Pout at a given Pp, one should jointly opti-
mise the parameter R and the ratio of the oscillator and 
amplifier lengths.

In discussing the present results, it is worth noting that a 
multipeak structure of output light in the case of Q-switching 
was studied numerically in other fibre lasers. For example, 
Adachi and Koyamada [7] reported data on such structures 
in gain media of various lengths under various modulator 
operation conditions for an erbium-doped fibre ring laser. 
They concluded that a structure with narrow peaks emerged 
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if the modulator was turned on for a sufficiently short time 
tq (shorter than the cavity round-trip time tc). In particular, 
at tc » 500 ns, tq = 0.2tc, and a laser gain medium length of 
120 m, the width of an individual peak was ~0.2tc. The for-
mation of a series of peaks was attributed to inversion deple-
tion. Wang and Xu [8, 9] studied a multipeak structure in 
linear and ring configurations of a double-clad ytterbium-
doped fibre laser. In the case of a 15-m-long linear fibre, an 
AOM with an additional, highly reflective mirror was used 
as a modulator. When the modulator was closed, it did not 
reflect incident light. After opening the modulator (first 
order of diffraction from the mirror), reflectivity was R ~ 
0.9. On the other side of the cavity, a Bragg mirror with 20 % 
reflectivity was placed. They examined the feasibility of con-
trolling the spike structure of output light in the forward 
and backward directions by varying the AOM turning-on 
time and the evolution of the structures after subsequent 
turning-ons. In most cases, output light had the form of sev-
eral pulses with a smooth power profile, separated by inter-
vals with a nonzero intensity. It was concluded that the spike 
structure was a consequence of an amplified spontaneous 
emission wave that resulted from Q-factor modulation and 
that its distinctive features depended on the modulator turn-
ing-on time and the state of the medium.

Note that the conclusion as to the formation of a spike 
structure was typically drawn from analysis of output light 

characteristics. For this reason, relations between such char-
acteristics and parameters of the gain medium remained 
unclear, even though there was substantial evidence of such 
relations. For example, dynamics of a nonuniform gain distri-
bution in the medium were left out of account, which made it 
impossible to understand why there was only a small number 
of pulses with different amplitudes. This led us to expend con-
siderable effort in order to gain detailed insight into the nature 
of the formation of output light of a Q-switched bismuth fibre 
laser by analysing the dynamics of the distributions of the 
main laser parameters along the active fibre. In those calcula-
tions, we assumed that, in all cases, the modulator was opened 
sufficiently rapidly: in 20 ns.

Figure 7 illustrates the development of laser pulses at dif-
ferent instants in time at constant pump power of 1 W and 
R  = 0.1. The instants of time indicated in Fig. 7 (except 
Fig.  7a) are marked by vertical arrows in Fig. 6a. Figure 7a 
shows distributions just t = 0.1 after the modulator was 
opened. During this short time, neither the wp

+  or wp
-  pump 

wave intensity distribution nor the gain coefficient (a) distri-
bution undergoes any noticeable changes relative to steady-
state distributions with the modulator closed and remain 
symmetric with respect to the centre, where the modulator is 
located. The fibre absorbs about 80 % of the pump power. 
The gain coefficient a is the largest throughout the active 
fibre and, at the pump power in question, exceeds the loss qs 
by a factor of 5.2. It is seen that, in both directions from the 
modulator, two broadband ASE components and a signal 
wave begin to propagate. As would be expected, the ASE 
intensity is higher. The travelling wave edge width corre-
sponds to the modulator turning-on time, and in this stage 
none of the waves saturates the gain medium.

The ws
+  intensity of the waves that leave the gain medium 

at a time t = 0.5 and 1.5 remains low and is not seen in 
Fig.  6a. In the range t = 0.5 to 2, the signal wave, which 
partially returns to the gain medium, is amplified much 
more rapidly than the waves of the broadband ASE compo-
nents. This leads to drastic changes in the relationship 
between the intensities of the signal wave and the ASE 
waves: the intensity of these latter at a time t = 2 proves to 
be negligible. The saturation of the medium with the signal 
wave gradually increases.

The distributions shown in Fig. 7b refer to a time t = 2.4, 
when the first sufficiently intense signal wave pulse, which 
caused noticeable saturation of the gain medium, approaches 
the mirror (x = 1). It is seen that the peak intensity of this 
pulse exceeds that at a time t = 0.1 (Fig. 7a) by 105 times. At 
this instant in time, the active medium, especially that in the 
amplifier, has a marked gain (a) saturation, which leads to 
symmetry distortion of the wp

!  distributions. At the same 
time, it follows from Fig. 7b that, abandoning the active zone, 
a pulse leaves a sufficiently large gain reserve. For this reason, 
passing another round trip, the part of the pulse reflected 
from the mirror forms one or a few more output pulses. The 
result is a multipeak lasing structure.

Figure 7c shows the distributions at an instant in time pre-
ceding the exit of the strongest (second) pulse from the ampli-
fier. As follows from Fig. 7c, the propagation of this pulse in 
the gain medium effectively saturates the gain in the ampli-
fier, where its intensity is highest. As a result of the saturation, 
the edge and pulse widths decrease because the leading pulse 
edge travels through a weakly saturated medium, whereas the 
rest of the pulse travels through a saturated one. Note that, at 
the trailing edge, the medium becomes absorbing because the 
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nonsaturable loss qs exceeds the saturated gain. Comparison 
of the a distributions in the amplifier in Figs 7b and 7c dem-
onstrates that the curves differ in behaviour in a small region 
near x = 1, where the gain drops in the former case and rises 
in the latter. The reason for this is that, in the former case, the 
saturation caused by the preceding pulses is rather weak and 
is relatively slowly compensated for by pumping (at x = 1, the 
pump intensity is highest). In the latter case, there is strong 
saturation, and pumping in this region of the medium has a 
noticeable effect over a time of unity.

Figure 7d illustrates the formation of a third pulse, which 
has the smallest amplitude. After partial reflection of the sec-
ond pulse from the mirror, the third pulse is amplified in the 
oscillator to an amplitude comparable to that of the preced-
ing pulse (time t = 4.1). At the same time, in the rest of the 
path to the cavity output (which takes a time of 0.4) the third 
pulse travels through an absorbing medium, so it is not sur-
prising that the pulse emerging from the amplifier has a small 

amplitude (Fig. 6a). It is seen from Fig. 7d that, after the exit 
of the third pulse, there is a gain left in the medium, concen-
trated in the oscillator. This suggests the feasibility of improv-
ing the efficiency of the laser, as mentioned above.

The salient features of pulse formation at reflectivity R 
increased to 0.32 can be seen in Fig. 7e. The increase in reflec-
tivity leads to an increase in ws

+  intensity and a stronger satu-
ration of the medium by a pulse with the highest power (exit 
at t = 2.5). The next pulse (exit at  t = 3.5), whose formation 
is shown in Fig. 7e, can be amplified only in the oscillator 
region and subsequently, after traversing the amplifier with 
absorption, will be severely attenuated. Note that further 
increase in R and the corresponding rise in ws

+  do not lead to 
any increase in output intensity because this is accompanied 
by a decrease in the fraction of ws

+  that leaves the gain 
medium.

The distributions shown in Fig. 7f were obtained for a 
laser configuration with asymmetric excitation: L1 : L2 = 
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Figure 7.  (Colour online) wp
!  pump intensity, ws

+  lasing signal, va
+  and va

-  ASE wave intensity, a gain coefficient, and qs loss distributions along 
the cavity at different instants in time.
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0.3 : 0.7 and R = 0.32. Since the pump power is distributed 
between the oscillator and amplifier in the same ratio, the 
oscillator is too ‘weak’. Because of this, the gain in the oscilla-
tor cannot be considerably reduced, and the gain in the near-
est part of the amplifier remains positive after the second 
pulse. Nevertheless, it follows from comparison with the data 
in Fig. 7c that the ‘residual’ gain is lower in this case. The 
small increase in the output pulse amplitude is due to the 
larger length of the amplifier, in which ws

+  pulse steepening 
occurs.

Note that, in a sufficiently long cavity, where with increas-
ing pump power the rise in output power is limited, in particu-
lar, due to the effect of the nonsaturable loss, the optimisation 
of laser parameters plays an increased role. The present calcu-
lation results demonstrate that the output pulse amplitude 
can be increased by jointly optimising the geometric parame-
ters and reflectivity of the mirror. It seems likely that the 
parameters to be optimised can include the length of the gain 
medium and the pump power distribution between the parts 
of the gain medium. Output characteristics can then be 
improved as a result of multifactorial optimisation. For this 
purpose, it is also reasonable to design other functional con-
figurations of bismuth-doped fibre lasers.

6. Conclusions

The proposed model for a bismuth-doped fibre ring laser 
has been shown to adequately describe a considerable 
amount of experimental data. This allows simulation results 
to be considered reliable and makes it possible to under-
stand and scrutinise those laser characteristics defying a 
detailed experimental analysis. In particular, it has been 
shown that multipeak lasing and complex-shaped pulse gen-
eration are due to incomplete saturation of the gain medium. 
In the laser configuration examined, changes in the initial 
spontaneous emission intensity have a weak effect on the 
output pulse amplitude. Simulation results help understand 
how the pulse amplitude and width vary in the case of a gain 
medium with a highly nonuniform pumping and gain. We 
have demonstrated that, by varying some parameters, the 
output pulse amplitude in the model laser can be increased 
at least twofold.
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