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ABSTRACT

In this work, an analysis for a self-pulsing behavior within a large-mode-area Ytterbium-doped
fibre laser operated as a free running laser is presented. A set of equations that describes the
relaxation oscillations frequency by considering a cavity as well as the atomic rate equations
were obtained. In here, the behaviour of the self-pulsing is due to the un-pumped fibre section
that plays a key role for the saturate absorber. Analytical results depicts that instead of reaching a
continuous wave-based regime, the laser output will show pulses with an increasing repetition
rate due to the pump power is higher. It is in good agreement with the natural behaviour
observed within this fibre laser.

KEYWORDS: Inteference Effect, Laser Dynamics, Fibre Laser.
INTRODUCTION

Double-clad rare-earth doped-fibre structures were developed in order to overcome the
limitations at the output power level imposed by the difficulty to pump the doped core of a single
mode fibre structures [1-3]. After reaching significant power levels, in the level of tens of Watts
[1-3], nonlinear effects start to play a significant role. Since the strength of nonlinear effects
depends inversely on the doped core area, additional scaling of the output power level requires to
improve the design of large mode area (LMA) structures [4].
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As a consequence, it increases the threshold for the stimulated Raman scattering and allows to
increase the dopant concentration. In general, a LMA fibre structure, by nature, supports the
propagation of a few modes inside the fibre. Since it is always desired to have an output laser
beam with the highest spatial quality, i.e. diffraction limited beam. It means to force the laser
oscillation into a single transverse mode is used, for example, by tapering fibre sections [5]. For
a few applications a rather high beam quality is required. Nevertheless, a rich dynamics are keen
to be studied and characterized when the laser output beam is the result of the interaction
between several modes that supports the fibre core. The effect of multiple longitudinal and
transverse modes supported by the fibre laser enhance such effects as the laser wavelength is
swept [6,7], closely correlated with the laser pulsed operation where the laser, around the
threshold, self-pulses due to a saturable absorption effect by un-pumped fibre sections and after
an increased pump power, the Brillouin effect may reach the threshold for stimulated Raman
scattering which at the end results in a chaotic pulsed output.

The dynamics of self-pulsing and self-sweeping in Yb-doped fibre (YDF) lasers have been
studied under several conditions [6-9]. An interesting explanation to these attributes highlights
the presence of dynamical gratings in the YDF that are produced by the standing wave of the
oscillating laser signal within a Fabry-Perot cavity [6-8]. Alternatively in [8], it is shown that a
dynamical grating is produced by weak interference of the laser signal. It reflects the signal at the
output coupler in a ring-cavity configuration. Finally in [9] a side pumped Fabry-Perot laser
setup with a bad cavity configuration, the pulsed regime near threshold is attributed to re-
absorption of laser signal in un-pumped sections of the YDF.

The relaxation oscillations in a laser is a behaviour that leads to self-pulsing in which at
threshold, the laser output start to show a characteristic transient or modulation behaviour [10-
11]. This is common to several types of lasers, including most solid state lasers, semiconductor
lasers and other laser devices in which the recovery time of the excited state population inversion
is substantially longer than the cavity decay time [12]. In some cases, when continuous wave
operation is required, it can be added appropriate lengths of passive fibre to the laser cavity
[10,11]. By increasing this way, the cavity lifetime of the photons circulating inside the laser
cavity and suppressing the pulsed laser output decreases. On the other hand, when pulsed
operation is desired (as occurs in mostly Q-switched lasers), there are added inside the laser
cavity optical elements that produce losses in a periodic fashion [1-3].

In this work, it is presented an analysis based on the cavity and atomic rate equations to obtain
the frequency of the relaxation oscillations of a large-mode-area Ytterbium-doped fibre laser
(LMA-YDFL) operated as a free running laser. The aim of the afore mentioned analysis is to
explain the self-pulsed regime experimentally observed (starting from lasing threshold) in the
LMA-YDFL under all levels of optical pump power up to a maximum available pump power of
20 W. The repetition rate of the laser pulses gets increased as the pump power is done. In this
experiment, it was not observed any non-linear effect related to stimulated Raman scattering nor
stimulated Brillouin scattering. For that reason it was not necessary to consider these effects in
the present analysis. Is worth mentioning the fact that the large-mode-area structure of the fibre,
allows the propagation o several modes in the doped core, resulting in the presence of traverse
hole burning in which the gain seen by each mode is different. It allows the simultaneous
operation at different laser wavelengths producing an irregular pulsing behaviour.
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EXPERIMENTAL SETUP.

The experimental setup consists of a simple linear, or Fabry-Perot, laser cavity formed by
reflections at the two fibre ends (free running laser), and additional optical elements to collimate
(lenses) and separate the pump from the laser wavelength (dichroic mirrors). The fibre used to
build the cavity is a commercial fibre 20/400 LMA-YDF from LIEKKI and the pump source was
a fibre coupled Coherent laser diode with maximum pump power of 40 W. In the implementation
of the fibre laser only a fraction of the pump power was used (less than 20 W). At the time of
realising the experiments we had no means to cool the fibre ends to avoid the glass breaking due
to the thermal load caused by the end pumping. The dichroic mirrors at the input and output ends
have a high transmission at the pump wavelength and high reflection at the laser wavelength
(which is around 1070 nm). Thus most of the measured signals by the power meter, optical
spectrum analyzer (OSA), and photodetector-oscilloscope correspond to the laser or ASE power.
It is worth to mention that the signal entering the OSA was collected through a single mode fibre
(980HP from Nufern), so that a possible interference between the distinct modes supported by
the LMA-YDF, which may occur inside the spectral analyzer is avoided. This is important to
mention, since the OSA measures a modulated ASE signal, which in this particular case is due to
the mode mixing occurring inside the active fibre. By using a Vytran precision cleaver, both
fibre ends were perpendicularly cleaved, so that, approximately a 4% Fresnel reflection was
obtained from both ends. This 4% may be overestimated, since there is a high probability that the
distinct transverse modes, particularly the higher order modes, experience a lower back
reflection.

To Power-meter, To Power-meter,
Oscilloscope OSA
Output laser Output laser
power power
\ 0 LMA YDF O /
Pump power
976 nm Dichroic Dichroic
mirror mirror

Figure 1. Sketch of the experimental setup, here, the cavity mirrors are simply constructed by
the Fresnel reflectivity at the cleaved fibre ends. The generated laser signal inside the active fibre
is bi-directional, producing output laser beams at the two fibre ends. The dichroic mirrors have
high transmission at the pump wavelength and high reflectivity at the signal wavelength, thus,
the signals measured by the power-meter, optical spectrum analyzer and photo-detector
correspond mostly to the laser signal.

MODELING OF SELF-PULSING MECHANISM.

Below there is list of some of the parameters that are relevant for the dynamics of self-pulsing
[12]:

Cavity length: L=4 m

Round trip time: T=2nL/c= 38.6667 ns, which corresponds to a free-spectral range
frequency of 25.86 MHz, assuming a core refractive index n=1.45
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Fractional power losses due to out-coupling [c:
0. =In(1/(0.04*0.04)) = 2.54593

Cavity lifetime [1c=T/[]c:

In order to obtain the frequency of the relaxation oscillations, we derive the coupled cavity and
atomic equations relevant for our laser system. Similar to reference [13], it is assumed that the
Yb3+ is a two-level system without the excited state absorption and that the interactions and
polarization effects between neighbouring ions are negligible. The last assumption is reasonable,
since in our experiments we did not observe any effects such as photo-darkening which may be
an indication of clustering, hence it is assumed that the self-pulsing is entirely due to saturable
absorption from un-pumped sections.

Now we consider the critical pump power to obtain a gain coefficient of zero and the relation
governing the evolution of the pump power along a doped fibre [14]:

P — hvaclad
e {O-a po-es J

;_G&p T

(o3
(1)
P(2. P(2 PO
W BOLR@ RO
PO P o
— hvaclad
p.sat
where: (@, +0..,)

and N is the total concentration of ions, assumed to be uniform along the active fibre core,
=Acore/Aclad is the ratio between the core and cladding areas, and it is assumed that the dopant
profile coincides with the transverse distribution of the laser light propagating through the core.
Here the subscripts a, e, p, and s, in the [1's cross-sections stands for absorption, emission, pump
and laser, respectively.

Additionally as shown elsewhere [14] the corresponding single pass power gain exponent in a

fibre length L is given by:

2 P
exp(}[ g(z)dzJ = 7, (Ge;;‘ia’s )T ~--No, L

3)

Where: F =FO=F @)
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As it has been mentioned, the mechanism responsible for the self-pulsing most probably comes
from the un-pumped section of the fibre that acts as a saturable absorber. If we take the point
where the un-pumped fibre starts to be a saturable absorber section as the point where the pump
power is equal to the critical pump power, then it is possible to find the corresponding length by
solving (2), with Pp(z) substituted by Pp,cr, and by employing the cross sections for
absorption/emission of the corresponding pumping and laser wavelengths.

The active fibre considered in this work has a core/cladding diameter of 20/400 [Im. It is
assumed that the fibre has a concentration of 2x1020 ions/cm3, a fluorescence lifetime of 1.5 ms,
equal absorption and emission cross sections at the pump wavelength of 980 nm of 2.5x10-24

m?2, absorption and emission cross-sections at the laser signal wavelength (at i 1055”’”) of
6.59x10-27 m2 and 0.312x10-27m?2, respectively.

Figure 2 shows a plot of the transparency length as a function of the input pump power. In

plotting this graph we have substituted the factor B by an effective multimode absorption
of 0.7 dB/m, which is a typical value for commercial LMA double-clad Yb-doped fibres. As it is
shown in the plot, as the pump power increases, the zero gain length increases, thus, reducing the
saturable absorption length.

The impact of the mentioned saturable absorption length on the pulsing behaviour is the
following: In terms of the cavity lifetime the saturable absorption section acts as loss mechanism,
just as the output coupling mirrors and background loss that both reduce the photon lifetime that
is one of the main factors controlling the pulsing behaviour. It is important to notice that also the
way in which the fibre is wrapped affects the pump absorption, and in fact the real values may
deviate significantly from the ones shown in figure 2, i.e., more pump power may be needed to
reach transparency at a given fibre length.

35

30

254

204

Transparency length (m)

a 1 2 3 4 5
Input pump power {W)

Figure 2. Transparency length needed to get a coefficient gain of zero as a function of input
pump power.

Now consider the following general inversion and cavity rate equations [12], applicable for
modelling our laser

. . ) \ Facultad de Ingenieria Mecanica y Eléctrica
www.proyectosinstitucionalesydevinculacion.com

proyectos.i.v@hotmail.com 27



http://www.proyectosinstitucionalesydevinculacion.com/

PROYECTOS INSTITUCIONALES Y DE VINCULACION Afio IIL No. 05 Enero-Junio 2015
N .

\ ISSN: 2395-9029

an, (1) _ KN, (t)(n,(t)+1)—y,n (1)

dt @
aN,@® _ R, —KN,(t)n (1) LAY

” . 5

where Rp is the pump rate, Nu is the population of the upper laser level, " is the number of
cavity photons, and 7 is the upper level lifetime. As can be observed, these two coupled

equations are non-linear because of the product terms KN, (t)ns(t), and as a consequence,
exhibiting relaxation oscillations in their evolution toward a steady state. However, when the
strong spiking has damped to small amplitude oscillations around the steady state, it can be
shown by a linearized analysis [12] of the equations (4) and (5), that the frequency and damping
of the relaxation oscillations can be given by the solution of the linearized system:

dn_(t) =(r=1)y,N, (1)
dt
AN, (1) _ —y.n(t)—ry,N, (1)
dt ©

= =tR /N . . . . .
Where 72 1/ L, d p"7Twih - Ts worth mentioning that in the linearization process, the

coupled system (6) is expressed in terms of the steady state or dc solutions of the system (4) and
(5) given by:

n” =(r-1)/Kr }

N,,=7.!K;with:y,=06,1T 0

The solution of the system (6) 1is determined by the characteristic equation

2 —
ST Hr7s+(r=Dyyy. =0 whose natural roots give the exponential decay rates and oscillation

frequencies of the relaxation oscillation behaviour. In the case of solid state lasers it can be
shown that [12]:

2
r . r .
T R e

)

This leads to a damped sinusoidal response (evolution of cavity photons population) in the form
[12]:

n(t)=n" + nle_y ! cos(a)s'pt)

®)
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Considering the fact that in solid state lasers the atomic decay Y2 rate is very much slower

compared to the cavity decay rate Ve we have: ¢ - 2. For this reason, and from equation (8), it
can be shown that the frequency of these spikes or pulses is given by [12]:

@, =(r=Dyy, ==y /7 (10)

In order to apply the results for the steady state values of (4) and (5) and the earlier explained
formulas for the frequency of the relaxation oscillations, we need to find the corresponding
values of K and RP for our case (assuming the conditions of saturable absorption from un-
pumped sections of the LMA fibre). For the particular case of pumping at 980 nm, assuming that
the population of the lower laser level is negligible due to a fast relaxation to the ground level,
the population of the upper laser level Nu may be written as:

dt hvplqcla 2Acorlto thAclz?d

(11)

From here, we identify:

o, P hv AT
Rp N aptp N K = o-e,s C PN p*“iclad
h VpAclad 2A Ltot and 2h VpAclad + (o-a,p + O-e,p ) Pp

core
9

In order to find the modification in the 7« factor appearing in Eq. (4), let us consider the single
pass gain for the laser signal until the transparency length Ltr. At this point, the signal laser
power will be equal to the laser power at the input point, i.e., Ps(Ltr)=Ps(0). Further propagation
through the absorbing fibre section will reduce the laser signal power according to the following
approximated formula:

PS(LM) = PS(O)CXP[_(O-a,sN"'as)Lup] (12)

where the un-pumped length is Lup=Ltot-Ltr. On writing this equation we have assumed that all
the atoms on the remaining fibre section are on the ground state. For the purpose of deriving the
cavity rate equations let us assume that the populations on each section are uniform along their
length, so that, considering equation (3) in a single pass the laser power gain may be written as
[14]:
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O-e s + o_(,l \
7P —a,L, :l exp I:—(G“N +a,)L, }

clad v P

P.(L,)~ F(0) exp[
(13)

where E‘:P”(O)_B””. Following [12], after a round trip the exponential gain is squared

(double-pass gain), and the mirror reflection coefficients are included, if we consider this occurs
at a time t=0, it may be written as:

O-B s + O-a s
P(T)=P(0)RR,exp {2(— P —a L, J:l exp [—Z(O'MN +a)L, ]
clad Vp (14)
After m round trips we will have:
[t o) 2t
P.(mT)=P(0){e " el 27Mwlg g o2t NI
— R(O)e Adadhvl, e—ZmO'EJNImp efmé‘c
o, =2a,L, +ln( ! j
— c sTot DD
Where Lo =Ly + L, and RRy ). By substituting m=t/T,

Ps(t_) — PS,Oe(ytr_}/up_}/c)t

(15)
06' s + o-(l N
59 s 7’.Pa
7/ — cladh'vp 7/ — Zo-a,sNLup 7/ _ i
Where we have defined: T T T and = T
After differencing (15) with respect to time we obtain the relationship:
dF, (1)
=(7,O-7,O=7.0) P
dt (16)
and now the [Jc factor includes the effect of the un-pumped section by the substitution:
6,+20, NL,
7/()%7/()_'_7”[7:—
r 7)
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The steady state solutions to the inverted population and the photon density can now be written
by considering equations (7), (11) and (17) as [12]:

N _ }/7‘ _ 2AcoreLtot (50 + 2O-a,sN Lup)
2Tk To, . c
e.s (18)
R _

njs:[;’ V4 _IJI(IZ(VI( 1)

2.th T T (19)
where r is the pump rate:
(@) e, 0. )N
r=¢ \Vi \

(240 o rlzt ogé; +20},lequ2th‘4¢ 1 aj?(o-a,p +O—e,p)Pp) (20)

By comparing equations (7) with (18) it is clear that one of the effects of the un-pumped section
is to increase the necessary inversion to reach the laser threshold. In addition by employing in

equation (10) the derived values for 7, Ve and T (equations 20, 17 and 11 respectively)
concerning to our case, the relaxation oscillation frequency will be given by:

o,+20, N P
o, = [r-nTe = [rop| %0 fur || 5.4 Gar *%er)Fr
{ T ¥ T RV, A aa

1)

Since r and Lup are interrelated, an increase in the pump rate means a reduction in the un-
pumped length and hence a reduction in the frequency of the relaxation oscillations that may be
screened by the additional contribution from the third multiplicative terms inside square root in
Eq. (21). This is clearly in agreement with our experimental observations, where an increase in
the pump power results in increasing the pulses repetition rate. The equations obtained above do
not account for the presence of multiple longitudinal and transverse modes and their interaction.
A more detailed and complicate analysis is needed in order to match the theory with the
experimental results (see below); however this is not the aim of the present study, aimed on
giving a rather general qualitative explanation of the effect of an un-pumped fibre section.

EXPERIMENTAL RESULTS.

We will describe here the dynamics of the laser performance above threshold, under different
levels of optical pump power. Figure 2(a) shows the output laser power spectrum measured from
one of the output ends of the LMA-YDEFL (the right end in figure 1), at a current of 17 A of the
pump diode. As can be observed a single laser line mounted on the amplified spontaneous
spectrum (ASE) background is measured.

The ASE background shows a wavelength modulation, characteristic of an interference effect,
which in this case may be caused by the modal beating between the modes supported by the fibre
core. The spectrum was measured from the output of a single mode fibre with cutoff below the
operation range of the laser, so that this spectral interference is non-apparatus related. In figure
2(b), is shown the time trace of the measured output laser power, demonstrating regular pulsing.
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The mechanism responsible for the self-pulsing most probably comes from the un-pumped
section of the fibre that acts as a saturable absorber. In terms of the cavity lifetime the saturable
absorption section acts as loss mechanism, just as the output coupling mirrors and background

loss that both reduce the photon lifetime that is one of the main factors controlling the pulsing
behavior.
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Figure 2. (a) and (b) Output laser power as a function of wavelength and time at a laser diode
pump driver current of 17 A, measured by using an OSA and a photodetector- oscilloscope,
respectively.

In this case, as observed in other reports [6] the laser wavelengths do not maintain stable
positions in figure 2 (a). This was realised after reducing the wavelength span to zero at the
shown wavelength and increasing the sweep rate of OSA, resulted in sudden changes in
amplitude in excess of 10 dB. Since this wavelength sweeping was in the order of nanometers it
was difficult to follow. A close view of the pulses generated at 17 A is shown in figure 3. The
FWHM and repetition rate of the pulses are 3 microseconds and 33 kHz, respectively. Since the
total power measured from both ends was 340 mW, the pulse energy and peak power are 10
microJoules and 3.4 W, respectively.
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Figure 3. Close view of the pulses generated at 17 A pump diode driver current. The separation
between pulses is 30 microseconds and the FWHM is 3 microseconds.

By increasing the pump-diode-driver current to 19 A, in appearance more laser lines are
generated as shown on figure 4 (a); however, in this case it is more evident the jumps on the laser
wavelength lines from sweep to sweep of the OSA, appearing and disappearing from time to
time. Thus, with our current experimental measurements we cannot guaranty that all the laser
lines are generated simultaneously or there is a single wavelength that jumps all over the gain
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X

spectral range of the LMA-YDF. From the time trace of the output laser power shown in figure
4 (c), it can be observed a very irregular pulse generation, with varying amplitude and with not
well-defined repetition rate. It is more similar to a chaotic pulse train generation, characteristic
for circumstances where the Raman and Brillouin effects are simultaneously present with the
self-pulsing; however, unlike to other reports of self-pulsing where the core is single-mode [15],
in the present case, the pulsed energy corresponds to the wavelength region inside the
fluorescence band of Yb. This could be explained by considering the fact that for the multimode
core of our LMA-YDF, the onset of generation for the Brillouin and Raman effects is higher than
in the single-mode case. Perhaps each measured wavelength on the left graphs may correspond
to a single laser transient that cannot be measured fast enough by a common OSA and, as a
consequence, the temporally pulses possibly are the superposition of several component pulses
and each component may be associated with a particular laser wavelength generated at given
time.
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Figure 4. (a) and (b) Output laser power as a function of wavelength at a laser diode pump driver
current of 19 A and 21A respectively, measured by using an OSA; (c¢) and (d) Time trace of the
output laser power at a laser diode pump driver current of 19 A and 21A respectively, measured

by using a photodetector- oscilloscope.

The above mentioned effects are much more apparent as the pump diode driver current is
increased [Figures 4 (b) and (d)]. As it can be observed, the time traces show rather irregular
pulses, characteristic of a transitory pulses or laser spikes. Further increment on the pump diode
driver, the current increased the peak pulse power and heat the fibre ends at a level that resulted
in the damage of the fibre ends, but not catastrophic, since the laser operation was recovered
after re-cleaving the ends. It is worth to mention that in the case presented in this work there are
longitudinal and transverse modes interacting, which make difficult and numerically expensive
in modeling.

DISCUSSION.

In contrast with self-pulsing in double-clad YDF lasers where the core is single-mode [15], there
is no noticeable generation of longer wavelength components as those corresponding to the
stimulated Raman scattering process. It is evident that for our multimode core, the onset of
cascaded Raman generation is significantly higher than in the single mode core case, so that the
pulsed energy stay in the same wavelength region, i.e., inside the fluorescence band of Yb.

. . ) \ Facultad de Ingenieria Mecanica y Eléctrica
www.proyectosinstitucionalesydevinculacion.com

proyectos.i.v@hotmail.com

33


http://www.proyectosinstitucionalesydevinculacion.com/

PROYECTOS INSTITUCIONALES Y DE VINCULACION Ajio IIL No. 05 Enero-Junio 2015
N .

\ ISSN: 2395-9029

Another important difference observed is the fact that the generated ASE spectrum has a
noticeable comb like shape modulation, which is the result of the interaction between the
transverse modes supported by the fibre core. This means that the interference effects between
the multiple modes have significant impact in the laser operation, since the laser wavelengths
generally coincide with one of the peaks of the modulated ASE spectrum. This is also observed
when a comb like filter is inserted into a fibre laser cavity [16].

The main impact of the presence of the multiple modes in the fibre core is the transverse spatial
hole burning [17] which allows simultaneous laser operation at different wavelength regions, as
noticed in the last section. In fact, temporally pulses appear to be the superposition of several
component pulses, and each component may be associated with a particular laser wavelength
generated at given time. This in agreement with the observation of laser wavelength sweeping
around the laser threshold [6,7], where operation is a kind of pulsed regime and pulses are
generated by the relaxation oscillations which are due to the presence of un-pumped saturable
absorption sections, as it was demonstrated in Section 3. In our case, we have the advantage that
the absence of nonlinear effects allows a clear picture of the relation between laser wavelength
sweeping and pulsing. Nevertheless, though this relation is clear in our experiments, a theoretical
explanation of the phenomenon is difficult, given the fact that we have added another degree of
freedom, the interaction between the transverse and longitudinal modes inside the fibre laser
cavity.

CONCLUSIONS.

We presented the characteristics of self-pulsing in a LMA-YDFL. The self-pulsing is shown to
be produced by the saturable absorption present in not efficiently pumped active fibre sections.
The presence of several transverse modes, in conjunction with the multiple longitudinal modes
associated with each results in a transverse spatial hole-burning effect, which results in a
difference in the gain seen by each mode. The latter allows the simultaneous operation at
different laser wavelengths and producing an irregular pulsing behaviour, which becomes more
and more irregular as the number of laser lines increases. The regular pulsing is only observed
when a single laser wavelength is generated, however this laser line sweeps its position by a few
nanometers.
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