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Introduction

The remarkable power scaling of high power fiber
lasers over the past years has become more and more
challenging, because the effects of transverse mode
instability (TMI) and photodarkening (PD) of the
fiber are limiting the effective output power of typ-
ical industrial fiber lasers.

The origin of the TMI is a power transfer from the
fundamental mode of the fiber to higher transverse
modes via self-induced long-period gratings in the
fiber due to the thermo-optical effect [1]. The excita-
tion of higher modes can lead to temporal instability
of the laser power, and to an increased power transfer
from the core to the cladding via bend losses, thus re-
ducing the effective laser power. Over the lifetime of
a fiber laser, the TMI threshold is decreasing due to
photodarkening of the active fiber core [2]. This can
lead to a degradation of the laser performance over
several thousand hours of operation.

Regarding a short time-to-market, the time-
consuming lifetime testing of early prototypes is a
major drawback in the development of new products.
The goal of this work is to develop a reliable way to
predict the performance of a certain laser setup in-
cluding fiber design, pump and resonator configura-
tion, and fiber routing prior to the actual prototype
build. Testing of the final design is not replaced by
the simulation, but it enables to compare variants in
order to avoid unnecessary design iterations.

Many investigations have been made to under-
stand, model and simulate both TMI and PD, but
the microscopic mechanisms are not yet fully un-
derstood [3-6]. The existing models are usually
either comprehensive, but very slow and therefore
limited to the simulation of rather short fibers, or
reduced models that do not take transverse effects
into account. In [7] an approach has been demon-
strated to simulate TMI in a fiber amplifier includ-
ing the influence of back-reflections, thus incorporat-
ing forward and backward propagating light in the
model. However, the model makes use of an ideal-
ized step-index fiber having eigenmodes that can be
analytically described. Transverse inhomogeneities
(such as realistic index or doping profiles) as well as

photodarkening-induced lowering of the TMI thresh-
old are not captured by this model.

Outline of the Modelling Approach

It is widely agreed that the dominant contribution to
TMI in high-power fiber lasers are thermo-optical
long-period index gratings in the fiber due to the
transversely inhomogeneous heat load (and thus tem-
perature profile) in the fiber. This heat load is
mainly caused by the quantum defect and an addi-
tional heating of the fiber due to photodarkening-
induced absorption. Both contributions depend on
the transverse distribution of inversion, which is non-
homogeneous even in an idealized step-index fiber
and even more complicated for real fibers with non-
idealized index and doping profiles.

A full 3D model capturing the longitudinal varia-
tions along the fiber as well as the transverse effects
with a sufficient resolution would result in a huge
number of numerical degrees of freedom. Because
of limitations in computational resources and time,
this approach is obviously not feasible. Furthermore,
mode coupling dynamics and photodarkening have
completely different time scales, so a coupled sim-
ulation of both effects is not desirable for the same
reason.

In this work we present a numerical approach
where the different time and length scales are sep-
arated, resulting in a highly efficient numerical
scheme where the long-term degradation of the fiber
properties due to photodarkening and its impact on
the TMI threshold are considered, including the ra-
dially varying time scales of the degradation. The
basic idea of this approach is to separate the time
and length scales of the problem as follows: Assum-
ing that the properties of the fiber are constant over
its length, and the relevant quantities influencing PD
and TMI are only dependent on the mode powers and
their longitudinal variation, it is sufficient to consider
the transverse two-dimensional (2D) cross section of
the fiber to calculate effective average absorption or
mode coupling coefficients first, and then solve a
set of one-dimensional (1D) mode amplitude equa-
tions for the longitudinal distribution of mode pow-
ers. As the photodarkening takes place on a much
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Figure 1: Schematic layout of the experimental setup consisting of active (red) and passive (black) LMA fibers, high reflective
(HR) and low reflective (LR) FBGs, a pump module providing a pump power Py and a cladding mode stripper (CMS). / denotes
the active fiber length along the z-direction, Py is the laser output power (LPy; only) and P, the sum of backwards propagating

core and cladding power transmitted by the HR FBG.

longer timescale than any laser dynamics, the 2D
and 1D problems are treated as stationary solutions,
which are solved parametrically over the desired vir-
tual testing time.

In the following section, first the experimental
setup used for calibration and validation of the model
is described. Afterwards, the numerical model is pre-
sented, and the results are discussed.

Experimental Setup

The numerical approach is validated using an exper-
imental setup which is designed to exaggerate the
effects of TMI and PD by means of a fiber and
oscillator configuration resulting in relatively high
heat loads and inversion levels compared to standard
fibers or laser products. The setup is basically an
all-in-fiber laser oscillator in co-pumped configura-
tion, as shown in Figure 1, producing > 1kW of out-
put power. The oscillator is formed by low reflec-
tive (LR) and high reflective (HR) fiber Bragg grat-
ings (FBGs) inscribed into a passive large mode area
(LMA) fiber matching the active fiber, an ytterbium
(Yb) doped LMA fiber. The used active and passive
fibers have a 20 um core and 400 um cladding diam-
eter.

The fiber is routed on a water-cooled base plate in
a way that higher order modes are effectively trans-
ferred from the core to the cladding due to bend
losses. The pump power is provided by fiber-coupled
diode laser modules at 976 nm and launched at the
HR end of the laser oscillator. On the output side,
cladding mode strippers (CMS) ensure that the core
light can be measured independently of the cladding
light. Additionally, at the HR side the backward
propagating core and cladding light can be monitored
as well.

Numerical Modeling
a) Photodarkening

The temporal evolution of the photodarkening losses
is calculated by the commonly accepted stretched ex-
ponential function

op (1) = o (1=exp (~ (/D)) ()
with the stretching exponent f3, the local timescale
L1 (m)© )
T T \N

and the saturated PD absorption (according to
Ref. [8])
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where N is the local doping concentration, N,; =
8.74-10® m~3 is a reference concentration, N, is
the number of excited Yb ions, yu ~ 71 (Ref. [9])
is a factor relating the absorption at the laser wave-
length (1070 nm) to the absorption in the measure-
ment setup at 633 nm. The values for A, C, S, B and
Tp are determined from accelerated photodarkening
experiments.

It is worth noting that neither the photodarkening
level after a given time interval nor the photodark-
ening rate is constant over a transverse cross section
of the fiber core, but both depend on the local inver-
sion level, which is typically higher at the core edge
than in the center due to the mode shape and the re-
sulting gain saturation. Therefore, the equations (1)-
(3) are treated as local, i.e. they apply to any point
{r,9,z} in the transverse (r, ¢) and longitudinal (z)
dimensions of the fiber.
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b) Transverse Model

In order to calculate the local PD rates and the result-
ing PD absorption after a given time of laser opera-
tion at nominal power, the transverse distribution of
the inversion has to be calculated. This is achieved
by first calculating the mode shapes for a given fiber
design using the Electromagnetic Waves, Frequency
Domain interface in COMSOL® Multiphysics. The
2D eigenmode problem is solved for a radial index
profile n(r), where n is the refractive index and r the
radial coordinate of the fiber cross section.

The normalized electric field distributions ("mode
shapes”) of the LPy; and LP;; mode are yp (r) and
Wo1(r, @), respectively, with (y3;) = 1 and (y,) = 1.
The transverse integration operator {...) is imple-
mented in COMSOL® using domain probes that in-
tegrate over the cross section of the fiber.

For the calculation of the inversion profile and
the resulting gain/absorption coefficients, an incoher-
ent addition of the mode powers is assumed, which
agrees very well with the longitudinal average over at
least the intermodal beat length (IMBL) in a coherent
calculation. In this case, for any given combination
of pump power P, and mode powers Fy; and P, the
local light intensities for pump and signal light are
1, =P,/(nr}) and

)= Py, () + P i (1, @)
nrg '

L =Li(r,¢ “

Here, the total powers of the LPg; and LP;; modes
are P’ = P0+1 + Py, and Pj{' = P1+1 + Py, and rg is
the cladding radius of the fiber. The local stationary
inversion is calculated according to

NZ(r7¢) — Iy Vs Oap+15Vp Ous (5)
N(r) IpVS(5u17+0_ep)+1xvp(6ax+o_es)JFh%'eVsz

with the optical frequencies v, ; for pump (index p)
and signal (s) light, and the effective cross sections
Ou,e/p,s for absorption (a) and emission (e). h is
Planck’s constant and ¥, is the rate of spontaneous
emission from the upper lasing state.

The local signal and pump absorption at any point
in the fiber cross section is calculated as

ap,s = _(Gep,s + O-ap,s)NZ(rv (P) + O-ap,sN(r) . (6)

Assuming that the mode shapes are not affected by
gain or losses, effective absorption coefficients for
the mode powers are obtained:

ol = (0, (1, 0)) ©)

and

ol = (W1 (n9) (0(n0) + aen(r,9))) . (8)

For the calculation of the mode coupling by the
asymmetric temperature profile, a coherent addition
is used with a relative phase of 0 between LPy; and
LP11:

(Aot o1 (r) + A1y (r, @))

2
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Here, Ag; and Aq; are the scalar field amplitudes,
with Py; = ‘AOI |2 and P = |A]||2. P,'j = ‘A,’j|2

The local (volumetric) heat load follows from the
energy balance of the quantum defect (note that neg-
ative values of o, imply gain):

qQD:Ip(xp(r,(p)+IYC(r7(p)aS(ra(p)7 (10)

and the heat load from the signal absorption due to
photodarkening is

grp(t) = Ie(r,@)app(t,1, @) . an

For each combination of P,, Py; and Py, the station-
ary heat equation

—kVAT =qop+qrp (12)

is solved using the Heat Transfer in Solids inter-
face with T'(rg) = Tp at the outer perimeter of the
cladding, and 8T = T — Ty is defined. The amplitude
of the thermo-optical grating, and hence the coupling
efficiency is then calculated as

on

&MCZnoksafT (0T wor (r)y11(r, @) (13)
with the vacuum wavenumber kg = 27TV, /c of the sig-
nal light and the average refractive index ng of the
fiber.

In a fully coherent approach — e. g. as in Ref. [7] —
the effect of the asymmetric index profile (Eq. (13))
is modulated in space and time by the wavenumber
and frequency difference of the competing modes,
leading to a (generally moving) long period grat-
ing, which transfers energy back and forth between
the modes on short scales. The effective amplitude
of the grating is reduced by longitudinal heat diffu-
sion and incoherent addition of several longitudinal
modes travelling in both directions. This can lead to
a much lower average energy transfer rates on larger
spatiotemporal scales.
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It turns out that for a large parameter range this
longitudinally averaged mode coupling rate is very
well approximated by scaling the calculated, fully
coherent mode coupling coefficient &ysc by a dimen-
sionless parameter cyc ~ 1/20...1/10, which gives
rise to a simplified modeling of the effective mode
coupling strength as discussed below.

¢) Longitudinal Model

The dependencies of gain, absorption and mode cou-
pling rates from the local pump and signal pow-
ers are exported using probe tables that are used
to build interpolation functions in the longtitudinal
model. In the latter, the fiber laser is modelled as a
one-dimensional device of length / (corresponding to
the length of the active fiber in the real laser), ne-
glecting the transverse dimensions of the fiber. The
light is propagating along the positive or negative
z direction, respectively, where the HR FBG is lo-
cated at z = 0 and the LR FBG is located at z = .
In COMSOL® Multiphysics a number of Coefficient
Form PDE interfaces is used for the 1D model.

The propagation of light in different modes in
the fiber is described by the following equations for
pump light (P, (z) = P,(z)), forward (+) and back-
ward (=) propagating light in the LPy; (P5;(z) =
AT, (2)[*) and LPy; (P75 (z) = |AT (z)|*) mode respec-
tively, and forward and backward propagating light at
signal wavelength in the fiber cladding (P (z)). The
equations for the LPy; and LP;; modes are formu-
lated as field amplitudes rather than powers to main-
tain the energy conservation of the mode coupling

properly.

0:P, = —alP, (14)
+0:A5) = —5 051 AT — HicAT: (15)

+IA}, = *%aﬁfAﬁ + %A(jﬁ —fagAy;, (16)
and

+0.PF = ap P}, (17)
where o, o and off are the effective absorp-
tion (or gain, if negative) coefficients for LPy;, LPy;
and pump light, respectively. These coefficients all
depend on P,, P = Bfj + Py, Pi' = P\ + Py,
and are precalculated as interpolation functions us-
ing Egs. (4)-(7). The coefficient oy, (z) describes the
longitudinal distribution of the bend losses (accord-
ing to the fiber routing) which transfer power from
the LP; mode to the cladding (Eq. (17)).

The effective mode coupling between LPy; and
LP;; is modeled by the coefficient y/f,lﬂc = cpc O,
which is derived from the self-consistent thermo-
optical index profile of the coherent addition of both
modes (Egs. (9) and (13)).

The boundary conditions are: P,(z = 0) = P,
PF(0) =0, P (I) = 0 and the following equations
apply at the FBGs:

Poﬁ (0) = pur(1l — x)Py;(0) + kP, (0) (18)
Pﬁ (0) = pur(1 —x)P;(0) + kP, (0) (19)
Poy (1) = pr&(1 = x) Py (1) + Py (1) (20)
P (1) = prr(1 = %) Py (1) + Py, (1) @1

with the (power) reflectivities pyg rr at the HR and
LR FBG respectively, and a mode mixing coefficient
Kk < 1 that accounts for a small amount of inter-
modal energy transfer due to splice imperfections.

In this work, the amplitude equations for the modal
content are an incoherent approximation neglecting
short-scale effects like mode beating, interference
etc. The mode coupling is modeled as an effective
transfer rate, which scales linearly with the precal-
culated mode coupling strength (Eq. (13)) due to the
thermo-optical effect and is calibrated against the ex-
perimental results once. A major advantage of the
incoherent formulation is the numerical efficiency, as
the IMBL does not need to be resolved by the numer-
ical grid. This way, extended parameter studies can
be performed on a time scale of hours instead of days
or weeks.

Simulation Results

The simulation of the long-term behavior of the laser
setup is divided into two steps. First, for a given fiber
design the 2D eigenvalue problem is solved to obtain
the mode shapes yp; and yq; and the bend losses de-
pending on the fiber bend radius. In a second step,
Egs. (4)-(13) are solved for a reasonable range of pa-
rameter combinations of P,, P}{" and P}{’, and for the
desired evaluation times ¢, which correspond to the
virtual long-term testing time, typically in the range
of several 1000h. The evaluated effective absorp-
tions, heat loads and coupling terms are used to build

multidimensional interpolation functions, e. g. ag]f( =

ol (P, Pt Pty or L — ¥ (P, Piot P! 1), This
precalculation of the interpolation functions is the
most time consuming part and requires typically less
than 1h up to several hours depending on the re-
quired range and resolution of the interpolated data.
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Figure 2: Simulated spatial distribution of photodarkening losses in a fiber cross section after a) t = 10h, b) r = 100h, ¢)
t =1000h, d) t = 10000 h. Green lines indicate the border of the fiber core.

In the second step, Egs. (14)-(21) are solved in the
following sequence of parametric sweeps, using the
previously determined interpolation functions: First,
for ¢+ = 0 the input pump power Fy is varied to ob-
tain the performance characteristic P (Py) ("power
curve”) of the virtual laser. The output power of the
virtual laser is defined as P, = (1 — prg)Py; (z=1).

Next, the pump power that corresponds to the
nominal output power of the laser is determined —
i.e. the power, at which the real laser would run in
a physical long-term test. This pump power value
is then kept constant, and the values for opp(z,7) =
app(Py(2), Py (2), P{§(z),t) are calculated with the
self-consistent solutions P, (z), P} (z) and Pj{'(z) for
each . Finally, power ramps for each ¢ are calculated,
using the previously calculated values of app(z,1).

The complete simulation sequence covering a vir-
tual test duration of typically 100 000 h usually takes
only a few hours on an 8—16 core workstation, which
is orders of magnitude faster than any attempt to
solve the fully coupled 3D system, taking the num-
ber of parameter variations into account.

In the following, some typical results of the pre-
sented numerical approach are presented. Figure 2
exemplifies the virtual aging of the fiber at evaluation
timesf = 10h,# =100h, r = 1000 h and r = 10000 h
for parameters P,, Py; and Py that correspond to
typical values at the HR end of the fiber, where the
pump power, heat load and inversion are higher than
anywhere else in the modeled co-pumped laser res-
onator. The photodarkening becomes visible at the
outer edge of the fiber core first, where the low inten-
sity in the tail of the LPy; mode is not able to fully
saturate the gain, and therefore the inversion is higher
than in the center. This results in a short timescale
for photodarkening according to Eq. (2) at the outer

core perimeter. As a consequence, the photodarken-
ing losses are almost saturated in this example after
only 100h, while in the center the photodarkening
has not even become visible due to the low inversion.

After 10000 h, the photodarkening losses are sta-
bilizing while approaching the saturated value O
in most parts of the fiber cross section. Here, it be-
comes obvious that also @ strongly depends on the
inversion: it is highest in regions with relatively high
inversion at the core perimeter. On the other hand,
higher PD losses in the outer region of the core have
only a minor contribution to the total losses, because
the intensity of the fundamental mode is low there as
well (cf. Eq. (7)).

In the following, results of the longitudinal model
are compared to experimental results for different
laser setups, using the precalculated data from the
transverse model. The simulated output power Py,
is directly comparable to the output power measured
behind the CMS in the experiment. The backward
power, defined as P, = (1 — pur)(Py; (0)+P;(0)) +
P7(0), is compared to the back power signal in the
experiment, which monitors the sum of the remain-
ing core light transmitted by the HR FBG and the
backward cladding light. A nonlinear increase in
the backward power is an indication for TMI, be-
cause the LPy; power is increased and then quickly
transferred to the cladding. As the only source for
cladding power in the presented model are the bend
losses for the LP1; mode (Eq. (17)), P. is proportional
to the total amount of higher order mode power cre-
ated in the fiber.

Figure 3 clearly demonstrates the PD induced low-
ering of the TMI threshold in the simulation as well
as in the experiment. The scaling coefficient cy;c was
calibrated to reproduce the experimental power curve
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Figure 3: Simulated (left) and experimental (right) power curves for a laser setup with high inversion and heat load.
Solid / left axis: forward power (LPg), dashed / right axis: back power (core and cladding). Black: # = Oh, red: + = 300 h.

Dotted lines are visual guidelines only, see text for details.
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Figure 4: Simulated (left) and experimental (right) power curves for a laser setup with lower inversion. Solid / left axis: forward
power (LPy;), dashed / right axis: back power (core and cladding). Black: t = Oh, green: # = 300 h (simulation) / t = 160 h

(experiment) red: + = 1000 h (simulation) / = 300 h (experiment).

at t = Oh, and was then kept constant for all follow-
ing simulations.

For t = Oh, a small increase of the back power is
observed in the experiment for Py > 90%, and the
power curve is starting to roll over very slightly at
the maximum power accordingly. After 300h, the
threshold for TMI is lowered significantly to about
80% pump power due to photodarkening. Because of
the dynamic nature of TMI, it is not possible to find a
stationary solution numerically above the threshold.
Therefore, the dotted lines in Fig. 3 are only guide-
lines for a better visualization. The presented model
is not capable of simulating the effects of fully devel-
oped TMI. However, it can predict the TMI threshold
with high accuracy, which was the main goal of this
work, and which is demonstrated in Fig. 3.

Figure 4 shows power curves for a different laser
setup, where the resonator parameters have been
changed to reduce the average inversion level in the

active fiber. Again, for # = 0h no TMI is observed up
to the maximum laser power. In contrast to the first
setup, where after 300 h the TMI threshold was sig-
nificantly lowered, in this setup only a slight degra-
dation is visible above ~ 75% pump power, and the
back power is starting to increase. The numerical re-
sults reproduce this behaviour, even if the time scales
are slightly longer in the simulation. It should be
noted that the temporal evolution of the PD absorp-
tion (Eq. 1) is very steep in the beginning and flattens
for larger values of . Consequently, small uncertain-
ties in the fitting parameters have the greatest impact
at the beginning of the PD process.

However, the tendency of lowering the PD impact
and slowing down the PD induced aging by lower
inversion levels is clearly demonstrated in the exper-
iment as well as in the simulation.

The previously discussed setups were designed for
demonstrating the effects under investigation using
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Figure 5: Simulated (left) and experimental (right) power curves for an industrial standard fiber. Solid / left axis: forward
power (LPg;), dashed / right axis: back power (core and cladding). Black: # = Oh, red: = 1000 h, blue: t =100 000 h.

fibers with a comparatively high heat load. In con-
trast, Figure 5 shows the results for a setup using
a fiber according to the current industrial standard
(with a lower heat load). In this case, the simula-
tion does not exhibit any sign of TMI anymore, even
for simulated test durations of 100000h. Over this
long time, only a slight degradation (= 5%) of the
laser power is observed due to additional PD induced
absorption. As there is no corresponding increase of
the back power (i. e. cladding light), this effect is not
caused by TMI, but solely by direct absorption. On
the contrary, the back power is slightly reduced due
to absorption as well.

The corresponding experiment has not yet com-
pleted 100000h in the laboratory, but in the first
1 000 hours of operation, no noticeable degradation is
observed, which agrees very well with the predicted
behaviour.

Conclusion

We presented a hierarchical numerical approach that
allows to first precalculate the transverse spatiotem-
poral distribution of the photodarkening losses over
typical lifetimes of fiber lasers, and then apply the
precalculated data to a scalar coupled-mode model
of the full length fiber laser cavity. The effects of
mode competition, laser gain, mode energy transfer
and bend losses are considered in this model, as well
as the measured refractive index distribution and dop-
ing profile of the actual fiber.

As a result, it is possible to perform virtual long
term tests simulating several 10000 hours of laser
operation in a few hours. The numerical results agree
well with experimental evidence. The transverse dis-
tribution of photodarkening losses in the fiber and the

mode coupling gain can be analysed at any cross sec-
tion along the fiber length, which enables the devel-
opment of advanced mitigation strategies.
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