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Abstract We propose an innovative, fully space—time
model to take into account the seed-dependent nature of
ageing penalties in high-power ytterbium-doped fibre ampli-
fiers. Ageing is shown to be based on the on-going competi-
tion between photo-darkening and photo-bleaching phenom-
ena. Our approach is based on the natural interplay between
the excited states of co-existing ytterbium pairs and colour
centres in highly doped fibres, in the presence of thermal
coupling between the closely spaced excited states. As initi-
ated from /R photons, the excitation of colour centres up to
the UV band is supposed to be governed by multi-photon
absorption. The interactions of interest in the kinetics of
photo-bleaching then take the form of highly efficient charge
transfers, which imply the reduction of some fraction of the
basically trivalent ions to their divalent state. Due to the
activation of ytterbium pairs by means of energy transfer
up-conversion, these interactions get more and more effec-
tive at elevated operating powers. Computational results
using these principles actually help to fit our experimen-
tal data regarding seeding effects, as well as fully generic
trends already evidenced in the literature. This gives a fine
demonstration for the need to discriminate co-active pump
and signal contributions. Our self-consistent, still simpli-
fied model then consists of a valuable tool to help for a
deeper understanding of the ageing issues. Furthermore,
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considering higher-order ytterbium aggregates, this should
open new routes towards more comprehensive models.

1 Introduction

Photo-darkening phenomena in fibres always imply critical
penalties [1, 2] in terms of the optical performance and of
the robustness of ytterbium-doped fibre amplifiers (YDFA).
These are major issues in the regime of high operating pow-
ers. In the most recent large-mode area (LMA) fibres, earlier
ageing effects usually appear in the range of 100-150 W
after some tens of hours of operation. Despite the huge
amount of research in the field during the last decades, the
actual physics involved in the ageing processes and the iden-
tification of relevant parameters still leads to open discus-
sions in numerous cases. A number of contributing mecha-
nisms are referred to in the global forms of photo-darkening
(PD) and of photo-bleaching (PB). These phenomena are
governed by the kinetics of the colour centres (CC) induced
in the ytterbium-doped fibre (Yb fibre). The CCs are origi-
nated from infrared pump and signal photons, in the regime
of elevated laser intensities. Most often, the mechanisms of
PD and PB have been considered apart. A few recent works
nevertheless proved possible interactions [3, 4], either in the
case of additional seeding in the visible band or of thermal
post-treatment. Furthermore, surprisingly, we did not find
any comprehensive, fully space—time model in the literature
to help for a global analysis of the CC-dependent effects and
for the management of ageing penalties. This applies, more
especially, to fitting representative experimental data and to
the discussion of actual optical penalties prior further opti-
mization. In this study, we demonstrate a new model which
provides a self-consistent description of the ageing process
given specified pump and seed conditions. Referring to
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former relevant studies [5-8] and to some of the most typi-
cal questions which still remain open nowadays, this consists
of an innovative approach within the frame of space—time,
saturated amplification.

Our paper is organised in five gradual steps. First, we
present a series of experimental results of interest for pre-
liminary benchmark. The needs to discriminate pump and
signal contributions and to pay attention to fast kinetics are
evidenced. In a second step, basic physics is referred to in
view of appropriate modelling assumptions. Third, for con-
sistency with our experimental data and well-established
trends in the field, the ageing kinetics is considered, thanks
to a couple of competing terms. They refer to co-operating
PB and PD, within the frame of a fully generic space—time
approach. This leads to the defining acceptable ranges of
values for the specification of the parameters involved, in
the form of dedicated rates for energy transfer and charge
transfer, as well as of cross sections for colouring and for
subsequent optical absorption by the CCs. In a fourth step,
we present parameterized series of computational plots to
make sure of very generic trends due to the ageing phenom-
ena in an YDFA and of the additional, CC-dependent ther-
mal gradients. This also helps to comment former works of
interest. In a final step, thanks to integrating the space—time
computational data provided, we establish appropriate fits
with benchmarked measurements. This helps to validate the
principle of our model, even though simplified, and to verify
the orders of magnitude suggested.

2 Experimental data regarding seed-dependent
ageing phenomena

Let us then start with the ageing sequence of reference for
experimental benchmarking. This applies to the analysis of
seed effects. We aim to demonstrate the fundamental need
for discriminating pump and signal contributions, in terms
of ageing. The measurements are performed by combining
two kinds of complementary sources for seeding the YDFA,
under the condition of a constant average power, whatever
the configuration. The first source is pulsed, while the sec-
ond one is continuous wave (CW). The pulsed seed source
delivers 60-ps-long pulses at the pulse repetition frequency
(PRF) of 40 MHz. Our experimental setup makes use of
a standard, highly doped LMA fibre from NKT Photon-
ics* (ref. NKT 40-200) in a co-propagative design [9]. The
pump and output signal powers lie in the ranges of 160 and
110-120 W, with respective wavelengths close to 976 and
1064 nm. A particular attention was paid for operating the
YDFA slightly below the so-called threshold of modal insta-
bility [2].

Early ageing is operated in the regime of pulsed seeding,
as shown in Fig. 1. The variations of the output power and of
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Fig.1 Ageing sequence, starting with 60-ps-long seed pulses, then
replacing with CW seeding and re-initializing, to monitor the optical
power (grey) and the temperature of the fibre (red)

the peak temperature along the fibre are monitored continu-
ously, at the same time, during several hundred hours. Stabi-
lised ageing being established after nearly 100 h, the pulsed
seed is then replaced with its CW counterpart to verify the
subsequent ageing features. The chronograms in Fig. 1 reveal
the dependency of the ageing rate with the seed regime,
together with the correlation between power and thermal
gradients. By comparison with pulsed seeding, CW seeding
leads to a significant enhancement of the ageing rate and of
the temperature of the fibre. The supplementary amounts
of excess loss at 1064 nm and subsequent, additional fibre-
heating are in the order of ~6—7 W and 5-6 °C, respectively.
It must be underlined, to the best of our knowledge, that the
need to separate pump and signal-induced contributions for
modelling had never been proved in such a way.

Then, it is worth to discuss the nature of the physical
mechanisms involved in the generation of CCs and for
annealing, which appears as a fundamental question for
explaining somewhat surprising features at first thinking.

3 Proposal for a self-consistent model

Reminding usual basics, the early mechanism to be invoked
is pure ground state absorption (GSA) from the fundamen-
tal level, for both pump and signal photons, given a three-
level-based system. Further mechanisms of interest [10—14]
consist of multi-photon absorption (MPA), of energy trans-
fer up-conversion (ETU) and electronic charge transfer
(CT). The MPA is consistent with energy conversion [15]
from the IR to the UV band. Indeed, still being originated
by pump and signal photons, the ageing process produces
CCs with characteristic energies up to several eVs. This
is a non-resonant process, as well as CT which goes with
pure ionisation [16], either in the form of electron capture
or of electron release. On the contrary, ETU is a resonant
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process. Regarding Yb pairs, this implies a gap of which
the value is twice the photon or signal energy, depending
upon the source term. The physical origin of CCs actually
depends upon the nature of intrinsic defect centres in the
host silica and of extrinsic species contained, including
possible co-doping. The intrinsic centres are determined by
specific internal bonds. The most classical examples [17] to
be reminded are oxygen-deficient centres (ODCs), peroxy-
radical centres (POR) or other hole centres (NBOHCs), or
oxygen hole centres (OHCs). In our experimental setup, we
will focus on aluminium ions (AI-OHCs) [18, 19], as part
of the specified co-doping. The behaviour of this kind of
defects is governed by the physics of ligand-based and oxy-
gen-related para-magnetic species, interstitials and vacancies
in the matrix of reference.

Because the detailed analysis of the actual nature of
centres involved remains out of the scope of our paper, we
just make use of the very generic, former mechanisms in
connection with macroscopic data for parameterization.
This impacts on to the use of MPA by means of an equiva-
lent value of the global absorption cross section, and on
ETU when determining the rate of energy transfer from the
range of excited levels associated with the pump and with
the signal towards the virtual states of Yb pairs. A number
of published studies have been devoted to the issue of Yb>*
aggregation [7, 20] in the presence of elevated concentra-
tions for fibre-doping (N,,). In their simplest form, the
aggregates consist of trivalent pairs. Even though higher-
order Yb species should be actually considered [7] in view
of more comprehensive modelling, we assume that the

pairs remain the most probable and most efficient contribu-
tors. To set up the basis of our model, we consider a global
interplay between single Yb>* ions, single Yb>* pairs and
MPA-originated CCs. This is assumed within the frame of
highly efficient CT, which arises from thermally induced,
natural energy transfers between closely spaced ions and
neighbouring excited states across the gap. The actual rate
of CT determines the actual equilibrium between PD and
PB; the former being originated from MPA and the latter
from CT in the presence of pump-induced ETU towards
Yb>* pairs. While lasing, this characterises some kind of
on-going competition [10]. Unlike previous works where
very different interactions have been proposed between
other co-existing species, a specific attention is paid to the
critical concern of a fast kinetics in the energy diagram
(Fig. 2).

The transitions undergone by useful, single Yb** ions
and Yb* pairs are figured in the first two sub-diagrams
on the left-hand side. The other two sub-diagrams on the
right-hand side apply to the CT-dependent transitions
of interest for CCs and to the generation of Yb** spe-
cies [20]. In the same way as MPA, as already mentioned,
ETU is assumed to originate from both pump and signal
photons (Fig. 2, left-hand side). According to this energy
diagram and the associated physics, we can develop a fully
space—time computational model to describe the ageing
penalties under representative conditions. This is done
versus the geometrical data and the operating conditions
of the YDFA, in a close connection with the requirements
for a fast kinetics. A global set of equations to describe the
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propagation of pump and signal powers along the fibre,
while accounting for the combined effects of ETU, MPA
and CT is as follows:

oP,
a_ZP = —1Ip{0,p[Nioy = No1 + 0,ccNp + ap} Pp (D
0Pg
oz + {0 Ny = 6, [Nyt = Na] = 6,ccNp — a5} P
)
oN, Ivo,pPp + I's0, P Iso, P
2oy Ny — Ny — S8y
ot hvA Nigy = o] A 2
N (I pPp + IT'<Pq)N.
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Equations (1, 2) describe the spatial balance of pump and sig-
nal (Pp, Pg) power gradients along a fibre where the length
and the core area are denoted L and A, respectively. Equa-
tions (3-5) figure the rate terms. The densities of excited Yb**
ions, Yb** pairs and Yb** species are denoted N,, Np and Ny,
respectively. W (m?/s) describes the rate of ETU towards the
Yb** pairs. Orders of magnitude of further interest for W may
be referred to those of other media, for example a few parts to
some 1077 cm™/s as in the case of Er—Yb co-doped silica.
The notations o,cc and o, apply to the cross sections for
optical absorption by CCs and global MPA, while W}, (m?/s)
figures the rate of CT from the CCs to excited Yb*" pairs.
The closest the excited states of Yb>* pairs and CCs, the more
efficient the process of CT. The lifetimes for characterizing the
isolated and paired Yb3+-species, as well as divalent ions [21,
22], are 7 & 1 ms, 7p & 7/2 and 7, =& 100 ps [22], respectively.
The set of more standard cross sections for quantifying the las-
ing performance, i.€. 6,p, 0,1 , 6.p and o , is governed by usual
numbers from the spectroscopy of single Yb** ions in pure
silica. They characterise the optical absorption and emission,
or re-emission at the pump and laser wavelengths. The coef-
ficients ap and ag denote passive losses (m™) prior ageing, out
of any excess loss due to additional PD. Let us start by setting
% = 0 in (7-9). This gives the suitable expressions for N,, Np
and N, in the CW mode of operation, before solving (1, 2). To
identify analytical solutions, we start by defining two quantities
N and S in respective units of m~° and m~3, as follows:

1 Pr 1 7p Pmsa
“al () (o a) - 3] @
where the three factors in the former expressions are
pump- and signal-dependent, i.e. pr = (IpPp + I5Pg)0o,p
+ IsPs(0e +0,) + TpPpogp,  pysa = (UpPp + I'sPs)oyp
and p, = IpPpo,p + IPgoy; -
They are specified in W m?. According to these nota-

tions, the three CW solutions of interest can be written in
the following form:

N -=35)
Ny= ———
(14 2) ®
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The gap-dependent efficiency of CT which governs the
actual value of W}, may be estimated, at least qualitatively,
thanks to plus or minus complex principles as predicted by
Marcus theory and other deviations [24, 25] in the presence
of phonon-assisted mechanisms. This involves exponentially
decreasing laws as specified in the distribution of Boltzmann,
to be applied to the population of thermal electrons. On
another step, we also need to consider the thermal gradients
along the fibre. They carry relevant information of interest
for discriminating the heat sources associated with the quan-
tum defect and to the optical absorption in excess, due to the
CCs. Solving the heat equation for pure radial conduction,
within specified conditions of thermal exchange from the
outer clad (h,.,, W/m?*/K) towards the surrounding environ-
ment (7, K), we get a fairly simple expression:

2
[Qap + Qccp + Cavsp + Cecr. + Qansi IR

Tga=T.+
d ¢ 2hecthlad

C

an
where R, . and R4 are the core and clad radii. The nota-
tions Ogp, Ocep Qocrs Qavse and Oy, define the various

cla

2
Pusa 2, 1 Tp 1 Tp or
N = ( ) +—(1+— — 1+ — —_—+ —
J 2WhvA W< 2TD>{W< 21'D> [(th Tp

8WppNy 1 Pr 1\ Pumsa
t— | " 7al\;7a T = +4p,N, ,
hvA hvA hvA Tk w PalViot (6)
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heat sources comprised in the total heat load. They figure
the quantum defect, the excess absorption due to CCs and
passive absorption at the pump and laser wavelengths,
respectively. All of them are computed by means of the
actual value of local power gradients. The parameter /., is
adjusted in such a way that Eq. (11) enables an appropriate
fit of our model with the experimental results, which remains
consistent as long as the selected value is kept somewhere
between 10 and 100 W/m?/K.

4 From the pristine fibre to the parameterization
of the model

Let us go on with computational process which was devel-
oped for providing the numerical solutions of Egs. (1-5, 11),
i.e. the spatial distributions of the Yb species and of the
optical powers along the fibre. The complete set of sizing
data for global parameterization is composed of W, Wy, o,p,
and o,cc. Further modelling results will be based on appro-
priate sets comprising these four parameters, for discuss-
ing various combinations with plus or minus efficient MPA,
ETU, CT and optical absorption by the CCs to be defined in
the band of IR wavelengths. For discriminating the intrin-
sic influence of ETU given the selected doping concentra-
tion in the pristine fibre, prior significant ageing, we start
by varying W. This takes place among deleterious effects
to be expected in the presence of excess doping [12]. The
larger fractional part of Yb>* ions comprised in the excited
pairs, the stronger the reduction of the optical efficiency of
the YDFA. We need to fit the actual transfer characteristic
of our setup, in pristine state before ageing. Thanks to pre-
liminary benchmark, we determined N, & 3 x 10 m™>.
Characterising our setup, we evidenced a signal power of
about 110 W for a pump power of 160 W. When varying
W in the range 10722 x 107! m%/s, our model then gives
very consistent results (Fig. 3). This concerns the pump and
signal power distribution along the fibre, as well as the sub-
sequent trends and affordable limitations for N, . The most
relevant value of W for fitting is equal to 107!* m¥/s, to be
considered below.

The straightforward determination of a precise set of
values for {o,p, 0,cc} is not as easy as for W. Even in
the case of very representative works [6—8] with closed
concerns, to the best of our knowledge, this topic does not
still lead to any dedicated study for reference. Further-
more, no open data could be founded using the standard
datasheet of our fibre. This is the reason why we need
to proceed with orders of magnitude, nevertheless quite
representative estimates. In this regard, we account for the
average excess loss (EL) of about 10% after stabilised age-
ing while considering that Eqgs. (3—5) do not refer to any
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Fig. 3 Variations of the pump and signal power distributions along
the pristine fibre with the rate of excitation of Yb>* pairs by ETU

particular location along the fiber. For a rough approxima-
tion, we just make the approximation that half the pump
power has been transferred to the signal power in the
central area of the fibre, at z = L/2, i.e. Pp (Lgp/2) = Pg
(Lfipre/2) R Ppymp/2. This figures the case of an optimised
design for the YDFA with nearly zero emerging pump and
complete power transfer at the output of the fibre.

Referring to (8—10), to a set of consistent values for
o,cc and ranging o, over several decades (Fig. 4), the
variations of EL (o,p, 6,cc) are determined within a broad
range of values. This method helps to evidence generic
trends and orders of magnitude in the presence of arbitrary
large variations of the EL during PD, versus applicable
sets of values {o,p, 6,cc}. In the following, we will use
{6.ps Oacc) = {1072 m%, 1073 m?} as the central values
of interest for appropriate fits.

The data describing pure kinetics are contained in the
sub-system of Eqgs. (3-5), which can be easily solved ver-
sus the pulse shape of the seed. At this step, we aim to
focus on the role of the rate of CT and explain the duty-
cycle (DC) effects in Fig. 1.

Paying attention to the definition of the suitable initial
conditions for figuring the regime of equilibrium, in
accordance with (6—10), we get the results in Fig. 5. This
already shows that a few ns-long transition times are made
possible given acceptable values for Wp from 107 to
10~'® m3/s. For more precise fits, we still need to compute
the time integral of the flashes of CCs’, to be related to the
actual PD transients of interest. This provides the value of
the ratio (1) of the average seed contribution to the total
initial power, as specified in Fig. 1, in the form of
n= (Ppp.cw — PPD-ps)/P . Similar operations are

PD - ps

duplicated in the two seed regimes to determine the sub-
sequent power drop at the output of the YDFA, due to the
replacement of the pulsed seed with its CW counterpart.
We verified that the most relevant value for Wy, which
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Fig. 5 Computed PD transients due to the CCs in the presence of
60-ps-long seed pulses as a function of the ionisation rate Wp

enables n ~ 5-10%, lies in the range of
2 x 1071°-7 x 107" m3/s. These simplified calculations
only apply, however, to short-term PD variations. They do
not apply to long-term transients during the ageing
sequence. This is consistent for properly stabilised power
drops, as illustrated in Fig. 1 thanks to Ppp_,; and Ppp_cy,
several tens of hours after the activation of a given seed
and by reference to the pristine state. The actual kinetics
of more gradual, ageing phenomena in the long term
should be stated within the frame of much more complex
physical mechanisms of different natures. This must be
kept in mind even though, from the macroscopic point of
view, higher values of o, obviously ensure larger PD
rates. Because of the lack of well-established physical
models in the transient regime, the fitting processes rather
involve arbitrary exponential-based laws, using the so-
called stretching parameters with a couple of constants, or
possibly more.
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5 Space-time analysis of the ageing penalties
in the YDFA and related transfer characteristics

Referring to former estimates for the orders of magnitude
of the rates of ETU and CT, we look at the sensitivity of the
ageing penalties to MPA and optical absorption in the CCs.
This involves the output power and the optical efficiency of
the YDFA, to be denoted accordingly to Pg,, = Py (Lgpe)
and 79,9 = Pgqu/Ppymp- Prior further integration for the
analysis of input—output transfer data, we start by determin-
ing the raw distributions of Pg (z), Pp (z), and of the other
species along the fibre. Our computations will be param-
eterized versus Wy and o,p, to show the consistency of the
model with expected trends. Let us consider high-quality
silica in the situation where variations of the excess loss
are essentially governed by those of the optical absorption
in excess due to CCs. Given excess losses of about 1-2 dB
to remain in agreement with our experimental data, the
computational results provided in Fig. 4 are consistent with
the former orders of magnitude, i.e. 6,, # 107>’ m? and
0,cc ~ 1072 m?, Starting from the computed distributions of
the optical powers, other species and thermal gradients along
the fibre (Fig. 6), we determine the sensitivity of the YDFA
to variations of the rate of CT and subsequent penalties in
terms of optical efficiency. Let us denote the former quanti-
ties as Pg (Lgyye) and 17,0 = Pg (Lgpe)/Ppymp, tespectively.
As long as W, remains in excess of a few 107! m? (Fig. 6,
left-hand side), 7, decreases no more than 15%. But unaf-
fordable penalties tend to appear, as soon as Wp tends to
decrease below 107! m?. As expected, we verify a great
sensitivity to CT. Here again, this illustrates the principle
of on-going competition between PD and PB regarding the
regime of equilibrium. An accurate prediction of the optical
performance of the YDFA, while ageing, must then be based
on the knowledge of the appropriate value for Wp.
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On another step, the peak densities of CCs are founded in
the area of the fibre input closed to the pump, as expected in
a co-propagative pump architecture (Fig. 6, top right-hand
side). This is the location of more deleterious PD. The pro-
files of Np (z) and Ny, (z) then match those of Py (z). In the
favourable situation of W = 107!® m%/s, they undergo plus
or minus rapid decreases towards the output, by a factor of
more than 10 for N, and of about 5 for Np. Another interest-
ing feature must be underlined at this step, when considering
the product - X <Np>. Given the value of the absorption
cross section, deduced thanks to fits using experimental data
from [18], and <Np> the averaged value of computed PD
transients, we also confirm representative numbers with the
literature. The orders of magnitude computed for <Np>,
in the range of 10'°~10?° m=3, correspond to the expected
values for 6, X <Np>, i.e. about 10 m~'. These estimates
are specified for IR wavelengths, referring to the spectral
distribution of Yb**-dependent absorption spectra. The peak
thermal gradients and peak pump gradients are located in
the same area of the fibre, not too far from the middle for an
optimised design (Fig. 6, bottom right). Their location may
vary somewhat with lasing conditions and sizing, versus the
selected length of fibre, and versus the doping content or
pump power specified. As shown, the convenient value for
fitting our experimental results in the range of 30—40 °C is
h.., = 60 W/m?/K. The computations inferred also indicate
rapid variations of the peak temperature with the rate of
CT. As soon as Wj is kept higher than a few 107! m%/s, the
additional gradients do not exceed 30 °C. But the reduction
of W below 1072°~107'° m%/s leads to prohibitive values of
the peak temperature, in excess of 150 °C. This may imply
accelerated ageing, or even catastrophic damage in the area
of the fibre clad. The connection between power gradients
and thermal gradients and their respective magnitudes, here
evidenced, then suggests possible directions for improv-
ing the robustness of the amplifier. A properly designed,

position (m)

bi-directional pumping architecture might offer a relevant
alternative.

Assuming Wp = 107! m¥/s to take advantage of efficient
CT and go on with fast kinetics, now it is worth to look
at the sensitivity to MPA. As long as o, does not exceed
1072721072 m? (Fig. 7, left-hand side), there is no notice-
able decrease of 7,,,. By reference to the pristine fibre,
the attainable output power then essentially remains W
dependent. This figures the case of defect-free silica. But
rapidly increasing penalties gradually appear in the range of
o,p = 10720107 m?. Similar trends as before are verified
in the favourable case of the combination of a low density of
defects and of highly efficient CT with W = 5 x 10717 m?/s.
When scanning the fibre length from the input to the output
of the YDFA (Fig. 7, top right-hand side), the densities of Yb
pairs and CCs also undergo a strong decrease, by a factor of
6-8 and by a factor of nearly 3, respectively. The former is
not as large as it was in Fig. 6, which indicates less critical
thermal issues. Nevertheless, the strong dependency of the
reduction of the optical efficiency with elevated values for
o,p cannot be related to a noticeable increase of the thermal
gradients (Fig. 7, bottom right-hand side).

Thanks to the integration of computational values from
the input to the output of the fibre, it is possible to look at the
shape of two kinds of specific characteristics of interest for
the global discussion of our model (Fig. 8). The first, in the
form of Pg (Lgpres Ppump)» consists of the input—output, trans-
fer characteristic, which determines the optical efficiency
for a given Pp,,,, (Fig. 8, left-hand side). The second, in the
form of EL (N,/N,), is the excess-loss characteristic. The
latter characteristic and its variations have been the topic of
previous works [23], because its shape sets up a useful sig-
nature. In our model, this can be verified the same way. The
larger inversion ratio, the lower amount of excess loss. Plus
or minus quadratic variations (Fig. 8, right-hand side) appear
within certain conditions, to be more especially related with
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the case of a low defect content and fairly moderated opti-
cal penalties. This applies for values of o,, below 10726 m?,
typically. The discrepancies between the actual shape of
EL (N,/N,) and a pure quadratic profile come from the rela-
tive contribution of CT to the global equilibrium between
PD and PB along the active fibre, which varies with the
operating conditions of the YDFA. The initiation of rather
severe penalties when o, reaches a few 1072 m? appears
to be related to a reduction of the nonlinearity of the loss
characteristic.

For referring to the influence of Yb pairs, the nearly quad-
ratic variations to be noticed for lower values of o, appear
to be in a good agreement with [23]. In terms of global age-
ing variations, we must not forget that global optical penalty
necessarily results from a combination of the effects of ¢,
and o,n. Thus, the same way as already done for o,,, we
need to vary o,cc and discriminate the two contributions.
This will help to make sure of the most deleterious. Despite

@ Springer

Relative inversion (Nlet’ %)

the initiating process from excited states and subsequent
peak value in the UV band, the value of ¢,c needs to be
referred to in the IR. This ensures a convenient definition
of the excess absorption associated with CCs, in connection
with homogeneous broadening features. Due to the close
spacing between the pump and signal wavelengths, we just
define a unique o,cc. Considering the IR band, already pub-
lished orders of magnitude in various fibre designs indicate
very variable values of o, somewhere between 107> and
10722 m?. For benchmarking, anything else being the same,
the particular contribution of the CCs to PD is evidenced
while varying o, over three decades (Fig. 9), throughout
the range of values already considered in Fig. 4. As long
as o,cc does not exceed a couple of 1072 m?, its frac-
tional contribution to the global penalty remains negligible
(Fig. 9, left-hand side) and the loss characteristic is kept
nearly unchanged (Fig. 9, right-hand side). But very severe
degradations occur towards 6,cc &~ 1072-10"**m?, with a
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Fig. 9 Transfer characteristic
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threshold-like tendency. By comparison with those observed
when ranging o,p, they do not appear to be associated with
very significant variations of the excess-loss characteristic.
When increasing o,cc up to 10723 m?, this characteristic is
just shifted by a constant value, typically a fraction of dB/m.
Despite the reduction of the optical efficiency of the YDFA
by a factor of about two, its shape remains unchanged.

Beyond consistent trends, we must underline that our
model also helps to verify formerly published data regard-
ing the absorption of Yb**-related CCs associated with Al-
OHC centres [19]. We verify the orders of magnitude to be
expected in the IR band in the presence of this kind of spe-
cies. Using o, X Np, for an estimate of the excess absorp-
tion, it can be shown that the computed values for N, are
quite consistent with absorption coefficients between 10 and
50 m~!, as indicated for a photon energy of ~1.5 eV.

Finally, the apparent discrepancy to be noticed between
the rapid decrease of 7,,, which results and the rather
low reduction of excess loss, while increasing c,cc up to
10722 m?, can be explained by the integration process along
the fibre. This tends to minimise the influence of roll-off
near the fibre output.

6 Fitting seed-dependent ageing-rate variations

To set up consistent conditions for fitting the experimental
data in Fig. 1 with our model in the transient regime, accord-
ingly to Fig. 5 and the value specified for Wp, we need
to make use of the seed-dependent contribution the proper
way. In this respect, a DC-dependent coefficient (Cpc) must
be added in (1, 2), in factor of o,c¢, prior combining the
solutions of the complete system of Eqs. (1-5) with expres-
sions (6—10) and (11). Due to the need for temporal integra-
tion in the CW regime, the updated computational process

ensures a rigorous description of the competing phenomena
of PD and PB accordingly to the diagram in Fig. 2. The
fractional, pump and signal-dependent contributions to PD
being clearly discriminated, we get a series of computational
data which help to benchmark and to validate the model
(Fig. 10). This enables us to highlight the influence of the
fast transients which arise from the signal-dependent terms
in the equations. A series of computational values regard-
ing the variations of the output power from the YDFA,
provided the set of specified values for o, and Wy, has
been superimposed with former experimental data of refer-
ence (Fig. 10, left-hand side). This reveals that the best fit
conditions for o, and W; lie in the respective ranges of
5x 107-107** m* and of 1-2 x 10'° ms.

The corresponding distributions of the thermal gradients
along the fibre have also been superimposed (Fig. 10, right-
hand side), when parameterized by Cp within the former
assumptions already made for MPA and for the optical
absorption by the CCs, that is o,p, = 10727 and
6,cc = 10722 m?, Considering the black and light-blue plots,
which help to scan the effect of Cp for the benchmark of
the two seed regimes, we confirm appropriate orders of mag-
nitude thanks to defining 7 = (Ppp-cw ~ Ppp - ps)/ Pop s By

reference to the experimental results in Fig. 1, fairly consist-
ent variations of the power drop and of the thermal step are
evidenced from —5 to —6 W and from +6 to +8 °C, respec-
tively. For interpretation, the replacement of the short pulse,
60-ps-long seed with its CW counterpart then matches,
approximately, variations of Cp from =2 to 100%. When
fitting # with the data in Fig. 1 under these conditions, we
essentially validate the selected option of 6,cc = 107> m”.
This determines the fractional contribution of the CCs
to the onset of thermal gradients during the ageing process,
including the contribution of the quantum defect.
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Fig. 10 Fit of the variations of the output power from the YDFA in the CW and pulsed seed regimes with former experimental data (coloured
crosses, left), in connection with the corresponding, duty-cycle-dependent temperature gradients as computed along the active fibre (right)

7 Conclusions

The results provided by our self-consistent model, proposed
in view of a deeper understanding of the physics of ageing
in high-power YDFAs and for explaining the related basis,
have evidenced a good agreement with the experimental data
of reference. This involves fairly generic trends from the
state of the art, as well as our measurements dedicated to the
benchmark of seed-dependent phenomena. The need for cou-
pling pump and signal contributions, as parts of the global
ageing rate, has been clearly demonstrated. Appropriate fits
between our computational results and the seed-dependent
variations experimented actually help to validate the prin-
ciple of a natural competition between photo-darkening and
photo-bleaching effects, all along the fibre. The physics
of concern makes use of the actual interplay between the
excited states of aggregated ions, in the form of pairs, and of
the co-existing colour centres. This ensures a strong thermal
coupling between neighbouring energy levels across the bot-
tom area of gap of the silica. Highly efficient charge-transfer
phenomena then occur from the trivalent ions, comprised in
the pairs of interest in our simplified scheme. This leads to
reduction-like phenomena associated with the basically tri-
valent Yb ions, thus producing divalent ions in excess. This
kind of behaviour is quite consistent with already published
results. It also helps to explain the dependency of the age-
ing rate with seeding conditions, on the point of view of the
transients and subsequent duty-cycle effects. Comprehen-
sive, space—time computational results then permit to put
numbers on the seed-dependent variations which have been
evidenced during the ageing process of the YDFA under test.

@ Springer

Representative modelling conditions essentially imply
the definition of a set of four parameters. They consist of
the rates of energy transfer for ETU and CT, and of the
cross sections for MPA- and IR-based optical absorption
by colour centres. Relevant rate values are stated for ETU
and CT thanks to fitting the experiments. Referring to our
notations, and to keep the numbers in mind, this applies to
the set of numerical data {W, Wp, 6,p, 6,cc} = {107 m?/s,
5107 m3s, 107%" m?, 1073 mz}. These data might be
confirmed thanks to complementary experiments, for pos-
sible refinements or updates. This will be the topic of further
work, by adding processes based on the implementation of
time-resolved spectroscopy. In this respect, for evidencing
complementary seed-dependent gradients and the transients
of interest, space—time monitoring should apply to absorp-
tion and emission in the visible band. On the other step,
aiming to more rigorous theory in terms of the physics, a
variety of higher-energy levels associated with higher-order
Yb clusters might be added in our very basic energy dia-
gram. Additional energy transfers can be combined with
those of current concern in the region of 2.54 eV. They
should involve, more especially, the resonant line located
at 3.1 eV which takes place in the absorption spectrum of
Yb?*-related colour centres. More comprehensive techno-
logical data regarding the fibre-processing conditions, about
the co-doping and impurity content, might bring additional
answers to technology-dependent open questions. They
will enable, more especially, appropriate upgrades for a
finer description of the process of MPA and the determi-
nation of the exact nature of intrinsic defect centres. This
implies a fractional content of co-existing divalent species
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prior ageing, to be possibly specified given the availability
of technological data about the fabrication of the preform
of the fibre.

Our simplified approach already gives, nevertheless, an
efficient basis to go on with a deeper understanding of the
ageing kinetics in YDFAs. The basic principles which have
been suggested will take place in further discussions of the
process-dependent criteria with people involved in the fab-
rication of doped fibres.
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