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ABSTRACT
Local transverse modal instability (TMI) gain has been derived by carrying out a stability analysis of the fundamental mode ampli-
fication in high power fiber amplifiers, in the presence of spatial (transverse) and temporal perturbations, taking into account
the gain saturation and resulting thermal loading. We have shown that the relative phase between the fundamental fiber mode
and the transverse perturbation significantly affects the local TMI gain. By controlling the relative phase, the TMI gain can be
reduced significantly, with the gain variation being more pronounced as the core diameter increases. This finding can be used in
conjunction with other proposed approaches to develop efficient strategies for mitigating TMI in high power fiber amplifiers and
lasers.

© 2018 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5050523

INTRODUCTION

High power fiber lasers (HPFLs) combine a number of
unique attributes, such as record output power with close
to diffraction limited beam quality, record wall-plug efficien-
cies, wavelength agility, instant turn-on characteristics, and
minimum footprint.1,2 Such a unique combination of features
set them apart from competing laser technologies and have
enabled HPFL to aggressively penetrate material processing
and other advanced industrial applications.2–4 In addition,
they naturally offer themselves to coherent combination tech-
niques and output power scaling, suitable for the demanding
defense applications.2,4,5

Further power scaling in single-mode HPFLs has recently
been hindered by a new nonlinear effect, namely, transverse
modal instability (TMI).6–20 TMI in high power lasers and
amplifiers amounts to a sudden, threshold-like output beam
fluctuation and beam quality deterioration above a certain
power level. This threshold can be particularly low when large

core diameter amplifying fibers are used, such as in the case
of high peak power applications.6

In high average power operation, the origin of this effect
is predominantly thermal and a number of theoretical mod-
els have been introduced to explore the nature and investigate
the characteristics of TMI. Theoretical models so far have con-
sidered the interaction of two propagating modes and studied
the power exchange between the modes and TMI thresh-
old through either Stimulated Thermal Rayleigh Scattering
(STRS) static or dynamic mode interactions.6–12 It has also
been shown that at small core diameters (<15 µm) and low out-
put powers (<100 W), TMI is attributed predominantly to pop-
ulation inversion effects.15,16 In an alternative approach, TMI
has been studied by considering the stability of the amplified
fiber fundamental mode (FM) in the presence of transverse
perturbations.17,18 TMI, along with stimulated Raman scat-
tering (SRS), pump brightness, and bend-induced mechanical
reliability, is shown to be limiting the power scalability in high
power fiber lasers.19,20
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The TMI power threshold is influenced by a number of
fiber and laser system parameters, such as core/cladding
diameter,18,21 dopant confinement,22 higher-order mode
(HOM) differential losses,23–25 photodarkening,26 choice of
pump wavelength,24,27 pumping direction,25 input signal level,
and gain saturation.28,18 In addition, TMI power threshold is
affected significantly by the seed coherence properties and
linewidth.15,29 This dependence is more severe for larger core
diameters.18

In all previous theoretical studies of TMI gain, only the
HOM power exchange has been considered due to the pres-
ence of the thermally induced, transversally inhomogeneous
refractive-index long-period gratings (RI LPG), following the
FM/HOM interference pattern. It has been pointed out that
efficient power transfer between the FM and HOM requires a
spatial (longitudinal) shift between the FM/HOM interference
pattern and the RI LPG. For this to be achieved, a small opti-
cal frequency shift (in the kHz range) between FM and HOM
has been considered, which results in a traveling interference
pattern.7 When signal phase noise is considered, explicitly on
the other hand, it has been shown that it has no impact on the
TMI gain.10

In addition, a number of experimental techniques have
been demonstrated for increasing the TMI threshold in high
power fiber amplifiers. They include input signal dithering30

and pump power modulation31–33 in order to smear-out ther-
mally generated index gratings. Lately, it has been shown that
in the case of pump modulation, the TMI threshold shows a
much more complex dependence on pump power and can
actually be much lower than the CW case, indicating that rel-
ative shifts between the FM/HOM interference pattern and
the RI LPG can play a significant role in defining the onset of
TMI.33 In an alternative approach, optical fiber lanterns have
been used to apply appropriate phase shifts into and/or to
control the amount of excited HOMs at the fiber amplifier
input and have been proposed as a technique to mitigate TMI
in HPFLs.36,37

However, the impact of the relative phase between the
amplified FM and the HOM perturbation on the TMI gain has
generally been ignored so far. In this paper, we show the-
oretically that, in addition to the aforementioned fiber and
signal parameters, the local TMI gain is affected by differential
phase shifts between the amplified FM and the HOM pertur-
bation. Depending on the size and relative sign of the differ-
ential phase shifts, the local TMI gain can be increased or sub-
stantially decreased. The impact of differential phase shifts is
shown to be more pronounced in larger core diameter ampli-
fiers. These new findings throw new light into recent exper-
imental results30–37 and can be potentially used to develop
new strategies for mitigating TMI in HPFLs, improve control
algorithms, or devise more efficient launching schemes.

THEORETICAL MODEL OUTLINE

The present TMI approach is based on the stability analy-
sis of the FM (LP01) steady-state amplification, in the presence

of steady-state heat load and gain saturation.18 We consider
the electric field of the FM, E = Es(r, ϕ, z; t)exp[i(βs−ω0t)],
where βs is the propagation constant and ω0 is the angu-
lar frequency. The paraxial wave equation under the slowly
varying envelope approximation, accounting for the effects of
the population inversion and thermal load, takes the following
form:

∂Es

∂z
+

1
vg

∂Es

∂t
−

i
2βs

{
∇2
T +

[
n2

0k
2
0 − β

2
s

] }
Es =

i
2βs

ω2
0µ0PNL, (1)

where vg is the group velocity, n0 is the core refractive index,
and k0 = 2π/λ0. PNL = ε0 ∆εNL Es is the nonlinear material
polarization and ∆εNL ≈ 2 n0 ∆nNL. ∇2

T is the transverse Lapla-
cian operator. The nonlinear refractive index ∆nNL is given by
∆nNL = ∆nT + ∆nN, with the refractive index changes due to
thermal loading and population inversion given, respectively,
by

∆nT(r,ϕ, z; t) = (dn/dT)∆T(r,ϕ, z; t), (2)

∆nN(r,ϕ, z; t) = −
i

2k0

[(
σap + σep

)
(1 + ia)N2(r,ϕ, z; t)

−σapN0(r,ϕ, z; t)
]
, (3)

where ∆T is the core temperature change, (dn/dT) is the
thermo-optic coefficient, N2 is the excited-state population of
Yb3+, N0 is the total Yb3+ concentration, σes (σas) is the signal
emission (absorption) cross section, and a is the ratio of the
real and imaginary parts of susceptibility.15,38

The variation of the excited state population N2(r, ϕ, z; t)
is described by

dN2

dt
= −

N2

τ
−

[(
σap + σep

)
N2 − σapN0

]
Φp

− [(σas + σes)N2 − σasN0]Φs, (4)

where Φp(r,ϕ, z; t) = Ip(r,ϕ, z; t)/
(
hνp

)
and Φs(r,ϕ, z; t) =

Is(r,ϕ, z; t)/(hνs) are the pump and signal photon fluence dis-
tributions, τ is the upper level lifetime, and Ip(s) is the pump
(signal) intensity. The temperature change distribution ∆T(r,
ϕ, z; t) is given by the heat equation

ρ0C0
d∆T
dt
− κ0∇

2
T(∆T) = QT, (5)

where ρ0, C0, and κ0 are the density, specific heat capacity,
and thermal conductivity of glass, respectively, and QT is the
heat power density given by

QT(r,ϕ, z; t) = qD
dIs(r,ϕ, z; t)

dz
+ αsIs(r,ϕ, z; t), (6)

where qD = (λs/λp − 1) is the quantum defect and αs is the sig-
nal background loss (including the effect of photodarkening
when present). The signal intensity Is is approximated by Is =
(n0/2Z0)—Es0—2, where Es0 is the field amplitude and Z0 = 377
Ω is the impedance of free space.

APL Photonics 4, 022802 (2019); doi: 10.1063/1.5050523 4, 022802-2

© Author(s) 2018

https://scitation.org/journal/app


APL Photonics ARTICLE scitation.org/journal/app

Next, we follow a standard stability analysis procedure.
First, the steady-state amplifier performance for the funda-
mental mode (LP01) is derived by setting the time deriva-
tives in Eqs. (1), (4), and (5) to zero. Second, the steady-state
solutions for the electric field (Ess), upper-state population
(N2ss), and temperature distribution (∆Tss) are perturbed by an
infinitesimal amount, as

[Es N2 ∆T]T(r,ϕ, z; t) = [Ess + ε N2ss + δn2 ∆Tss + δT0]T(r,ϕ, z; t),

(7)

where [. . .]T denotes the transpose of [. . .]. All parameters
are functions of (r, ϕ, z; t). The resulted linearized differential
equations are further analyzed by considering the Fourier-
Hankel transforms of the spatio-temporal perturbations of the
electric field ε(r, ϕ, z; t), upper state population δn2(r, ϕ, z; t),
and temperature change δT0(r, ϕ, z; t) expressed as

[ε δn2 δT0]T(r,ϕ, z; t) = Fm(r,ϕ)
∫ [

ε̃ δñ2 δT̃
]T

(z;Ω) e−iΩtdΩ,

(8)

where Fm(r,ϕ) = Jm(uεr)exp(imϕ) is one term of the Hankel
series, expressing transverse harmonics in cylindrical coordi-
nates. Jm(x) are the Bessel functions of 1st kind, and uε is the
transverse wavenumber of the dominant induced perturba-
tion. In an optical fiber, transverse distributions are discrete,
corresponding to supported modes, and the Hankel trans-
form reduces to Hankel series. The RI transverse perturbation
harmonics, introduced in this analysis, can be considered as
generalized transverse gratings across the fiber core, which
scatter light into HOMs. This differentiates the current work
from the previous analyses, where power transfer to HOMs
is due to the formation of longitudinal RI LPGs. The lowest
order RI transverse perturbation component is in the form of
the supported LP11 mode, which corresponds to a generalized
transverse grating of one period.

The electric field perturbation components in Eq. (8) are
in general complex numbers, given by ε̃(z;Ω) = ε̃R(z;Ω) +
i ε̃I(z;Ω) = ��ε̃(z;Ω)�� exp[θ(z;Ω)]. θ(z;Ω) denotes the relative
phase shift distribution between the FM (zeroth order com-
ponent) and the dominant perturbation component, and its
impact on the FM mode amplification stability and TMI gain
is the primary scope of this work.

The real and imaginary parts of the electric field pertur-
bation evolution are finally given by

∂ε̃R
∂z
= +i

Ω

vg
ε̃R −

1
2
αε ε̃R +

u2
T

2βs
ε̃I +

1
2

(σas + σes)Essδñ2,
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where u2
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ε − u2
s and u2
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0k

2
0 − β

2
s . αε is the perturbation

additional propagation loss. The amplitudes of the transverse

inversion and thermal perturbation Fourier components are
given by
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PN = gsS
1 + iΩτN

1 + (ΩτN)2
,

PT =
1
κu2

ε

1 + iΩτT
1 + (ΩτT)2



αs +


qDgs*

,
1 − S

1 + iΩτN
1 + (ΩτN)2

+
-






, (11)

with gs = (σes + σas)N2ss − σasN0 being the signal saturated
gain and S = (Is/Isats )/(1 + Ip/Isatp + Is/Isats ) being a gain saturation
parameter. Substituting Eq. (10) into (9) results in the following
system of differential propagation equations for the real and
imaginary parts of the electric field,

d
dz

[
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ε̃I

]
=

[
M11 M12
M21 M22

] [
ε̃R
ε̃I

]
(12)

with
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Ω

vg
−

1
2
αε − PN, M12 =

u2
T

2βs
,
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u2
T

2βs
+ 2k0

(
dn
dT

)
PTIs − aPN, M22 = +i

Ω

vg
−

1
2
αε .

(13)

Setting [ε̃R(z;Ω) ε̃I(z;Ω)]T = [εR(Ω) εI(Ω)]T exp(Kz) into
Eq. (12), we obtain the following two eigenvalues:

Kp(m) = +i
Ω

vg
−

1
2
αε

+
1
2



−PN ±

√√
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2βs



u2
T

2βs
− 2k0

(
dn
dT

)
PTIs + aPN






, (14)

where the subscripts p and m correspond to the (+) and (−)
signs, respectively.

TMI power threshold

The TMI threshold is obtained by requiring the argument
of the radical (radicant) in Eq. (14) to be greater than zero (radi-
cant >0). In this case, the perturbation experiences substantial
additional gain, on top to the one provided by the inversion
(given by PN). In the opposite case (radicant <0), the radical
term is imaginary and contributes only to the perturbation
phase. The perturbation gain, in the latter case, is only affected
by the background loss (αε) and the gain term (PN) due to
inversion. In the case of a thermally dominated instability (i.e.,
when PT � PN), the TMI power threshold is shown to be given
by18

Pthr =
κU2

ε

(
U2

ε −U2
s

)
16πneff

(
∂n
∂T

)
α′s

(
λs
R0

)2

, (15)
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where α′s ≈ αs + (1 − S)qDgs. For well-saturated high power
amplifiers, S ≈ 0.5. For P ≥ Pthr, small transverse amplitude
and/or phase perturbations grow exponentially and lead to
TMI. For P < Pthr, on the other hand, they die out and the
FM amplification is stable. Pthr is inversely proportional to the
quantum defect (qD) and the saturated amplifier gain (gs). It
is proportional to (λs/R0)2, which is in good agreement with
experimental data.18

In the case of a step-index fiber, the transverse wavenum-
bers for the fundamental (LP01) and perturbation (LP11) modes
are approximated by39

Uε (V) = Uε (∞)e−(1/V), (16)

where Uε = uεR0 is the normalized transverse wavenumber and
the asymptotic value Uε(∞) is 2.405 for LP01, 3.832 for LP11,
5.135 for LP21, and 5.520 for LP02 modes. V = k0 R0 NA is the
fiber normalized frequency, NA is the core numerical aperture,
and r0 is the core radius.

Local TMI gain

The local TMI gain can be obtained analytically by assum-
ing that the signal and pump powers are constant over a seg-
ment ∆L. An appropriate length is comparable to the seed
coherence length. For a seed linewidth of ∼20 GHz, the cor-
responding coherence length is Lc ≈ 1 cm.

The local TMI gain can be calculated by the solution
of propagation [Eq. (12)]. For fixed signal and pump powers,
parameters Mij (i, j = 1, 2) are constant and the real and imag-
inary parts of the transverse perturbation at the output of a
segment ∆L are then given by



ε̃R(∆L;Ω)

ε̃I(∆L;Ω)


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

ε1p

ε2p


exp

(
Kp∆L

)
+ cm



ε1m

ε2m


exp(Km∆L), (17)

where [ε1p ε2p]T, [ε1m ε2m]T are the corresponding local eigen-
vectors defining the perturbation local gain as a function of
the local signal and pump powers. The eigenvectors are given
by [ε1p(m) ε2p(m)]T = [M12/(M11 − Kp(m)) 1]T. Finally, the con-
stants cp and cm are defined by the boundary conditions and
depend on the relative phase θ0 between the FM and the HOM
perturbation at the input of the segment ∆L,

ε̃(0;Ω) = ε̃0R(0;Ω) + i ε̃0I(0;Ω) = ��ε̃0(Ω)�� exp(iθ0). (18)

The final expressions are

ε̃R(∆L;Ω) = cp0

(
M22 − Kp

M21

)
exp

(
Kp∆L

)
+ cm0

(
M22 − Km

M21

)
exp(Km∆L),

ε̃I(∆L;Ω) = cp0 exp
(
Kp∆L

)
+ cm0 exp(Km∆L),

(19)

where

cp0 =
−ε̃0RM21 + ε̃0I(M22 − Km)(

Kp − Km
) , cm0 =

+ε̃0RM21 − ε̃0I
(
M22 − Kp

)(
Kp − Km

) .

(20)

The local TMI gain GTMI over the segment ∆L is then given
by

GTMI(∆L;Ω) =
��ε̃(∆L;Ω)��2

��ε̃0(Ω)��2
=

��ε̃R(∆L;Ω)��2 + ��ε̃I(∆L;Ω)��2

��ε̃0(Ω)��2
. (21)

NUMERICAL RESULTS

From the preceding analysis, it is apparent that the local
TMI gain depends on the signal power (Ps) and saturated gain
(gs), as well as the perturbation transverse wavenumber (uε)
and frequency offset with respect to the laser frequency (Ω).
For a fixed V number (i.e., fiber modality), the TMI thresh-
old and local gain depend on the core radius, through PT
[Eq. (11)] and Eq. (15). In addition, local TMI gain is expected to
depend on the relative phase shift (θ0) of the perturbation with
respect to FM, through constants cp and cm [Eq. (20)]. This last
TMI gain dependence is largely unexplored so far. Key mod-
eling parameters are summarized in the Appendix (Table I),
and they will be used in the calculations, unless otherwise
stated.

Figure 1(a) shows the local TMI gain variation with TMI
frequency and signal power, for the phase shift between the
fundamental mode and the perturbation θ0 = 0π. The core
diameter is 60 µm, and the corresponding TMI power thresh-
old, as calculated by Eq. (15), is Pthr = 460 W. It is shown
that the local TMI gain increases sharply for powers larger
than the TMI threshold. Figures 1(b) and 1(c) show that the
local TMI gain distribution is affected significantly by a varia-
tion of the relative phase shift θ0. It is shown that a positive
phase shift [θ0 = +0.3π, Fig. 1(b)] significantly decreases the
TMI gain, while a negative phase shift [θ0 = −0.3π; Fig. 1(c)]
increases the TMI gain. Figure 1(d) compares the local TMI
gain variation with frequency for the aforementioned phase
shifts, at a signal power of Ps = 800 W. In this case, it is
shown that a phase shift of θ0 = −0.3π results in an ∼130%
TMI gain increase, while θ0 = +0.3π results in an ∼80% gain
decrease.

Figure 2 plots the local TMI gain variation with the per-
turbation frequency offset (Ω) and relative phase shift (θ0), for
core radii of (a) 10 µm, (b) 20 µm, (c) 30 µm, and (d) 40 µm.
The local signal power is Ps = 1000 W. It is clearly demon-
strated that the local TMI gain is affected to different degrees
by the relative phase shift θ0 for different core radii. For the
smaller core radius [R0 = 10 µm, Fig. 2(a)], we observe low
local TMI gain and minimal variation with the perturbation
phase shift. In addition, TMI gain peaks at relatively large (sev-
eral kHz) positive frequency offsets and shows a wide effective
bandwidth. With larger core radii, the local TMI gain increases
and it becomes progressively more “localized,” with smaller
positive frequency offsets and narrower effective bandwidths.
In all cases, the peak local TMI gain occurs for negative
perturbation phase shifts. Both the peak TMI gain and the
associated frequency offset vary with the perturbation phase
shift.
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FIG. 1. Local TMI gain variation with TMI
frequency (Ω) and signal power for phase
shifts (θ0) between the fundamental mode
and the perturbation of (a) 0π, (b) +0.3π,
and (c) −0.3π. (d) Comparison of local TMI
gain at signal power Ps = 800 W. Core
diameter = 60 µm and Pthr = 460 W.

FIG. 2. Local TMI gain variation with per-
turbation frequency offset (Ω) and relative
phase shift (θ0) for core radii of (a) 10 µm,
(b) 20 µm, (c) 30 µm, and (d) 40 µm.
Signal power Ps = 1000 W.
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FIG. 3. (a) Peak local TMI gain and (b)
associated TMI frequency as a function of
the relative perturbation phase shift (θ0) for
different core radii. Ps = 1000 W.

Figure 3 plots (a) the peak local TMI gain and (b) associ-
ated TMI frequency as a function of the relative perturbation
phase shift (θ0) for different core radii. The signal power is Ps
= 1000 W. It is shown that the impact of the perturbation rel-
ative phase shift on the peak TMI gain is more pronounced
as the core radius increases. For core radius R0 = 10 µm, the
perturbation relative phase shift has almost no impact on the
local TMI gain. As the core diameter increases, the local TMI
gain experiences substantial changes. This implies that vari-
ation of the perturbation relative phase shift will be more
effective in controlling TMI effects in larger core diameter
fibers.

The impact of the perturbation relative phase shift on the
local TMI gain is further explored by considering its behavior
with signal powers around the TMI power threshold. Figure 4
shows (a) the peak local TMI gain and (b) the associated TMI
frequency as a function of the perturbation relative phase shift
for different signal powers. The core/cladding diameters are
80/250 µm, and the Yb3+ dopant concentration is N0 = 5 ×
10+25 m−3. These parameters are in line with the ones used
in Refs. 32 and 33. Note that the considered dopant concen-
tration level can vary depending on the actual pump, signal
emission, and absorption cross sections, which are known to
depend on the core glass material. The nominal TMI power
threshold in this case, as calculated by Eq. (15), is Pthr = 265 W,

which is in very good agreement with the experimental value
(233-270 W).32,33

It should be mentioned that the nominal TMI power
threshold corresponds to θ0 = 0 and in this case shows a
local TMI gain of ∼2.5. As shown in Fig. 4, introducing a pos-
itive perturbation phase shift in the range 0 < θ0 < +0.38π
reduces the local TMI gain and results in an effective TMI
threshold increase. Outside this range, the local TMI gain
increases and the effective TMI power threshold is expected
to decrease. It is also shown that even at signal powers well
below the nominal TMI threshold (e.g., Ps = 160 W), there is
a range of negative perturbation phase shifts (i.e., −0.48π <

θ0 < −0.25π), where the local TMI gain increases above the
nominal TMI threshold gain and TMI can occur. On the other
hand, at signal powers well above the nominal TMI threshold
(e.g., Ps = 460 W), there is a range of positive perturbation
phase shifts (i.e., +0.18π < θ0 < +0.32π), where the local TMI
gain decreases below the nominal TMI threshold gain and TMI
is not expected to occur. These results demonstrate that, in
this case with nominal Pthr = 265 W, when the perturbation
relative phase shift is (intentionally or unintentionally) varied,
the TMI power threshold can vary from ∼160 W to ∼460 W.
As the power is increased in this range, the “TMI-free” per-
turbation phase shift range decreases. This dependence of
the TMI power threshold on the perturbation phase shift is

FIG. 4. (a) Peak local TMI gain and (b)
associated TMI frequency as a function of
the perturbation relative phase shift (θ0) for
different signal powers. The core/cladding
diameters are 80/250 µm. Nominal TMI
power threshold Pthr = 265 W.
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in accordance with recent experimental results, where phase
shifts are believed to be experimentally introduced by pump
modulation.33,34

DISCUSSION AND SUMMARY

In this work, we performed a stability analysis of the FM
mode amplification in the presence of a transverse perturba-
tion (in the form of a HOM) and derived the TMI gain in the
presence of a phase shift between the FM and the induced
perturbation (θ0). In our case, the induced perturbation (gen-
eralized RI grating) is transverse in nature (rather than longi-
tudinal, as in all previous studies) and the TMI gain is a result of
a transverse scattering of the FM, rather than power exchange
due to a longitudinal RI LPG.

We have shown theoretically that in addition to the per-
turbation frequency offset (Ω), the local TMI gain is impacted
by relative phase shifts (θ0). This impact also depends on the
local signal and pump powers, dopant concentration, and core
diameter. It is shown that the local TMI gain can be decreased
or even increased substantially with respect to the in-phase
response. The gain variation is more pronounced as the core
diameter increases. This is an important finding, which can
be used in conjunction with other proposed approaches to
develop efficient strategies for increasing TMI threshold in
high power fiber amplifiers and lasers. It can also be used
to gain some physical insight into the origin of the observed
large differences in the TMI threshold dependence on core
diameter for narrow and broad linewidth operation.18 This
phase shift can also be induced externally due to the launch-
ing conditions30,36 or internally due to non-uniform fiber core
stresses, heat, or inversion distribution.

The analysis has been applied to short amplifier segments,
defined primarily by the degree of seed coherence. It can

be extended to full amplifier lengths, where the signal and
inversion vary, through a piece-wise approximation and trans-
fer matrix approach. The overall TMI gain and TMI thresh-
old depend on the distributed differential phase shifts, which
are affected by the seed coherence properties, and the dis-
tributed gain saturation. This study is beyond the scope of this
paper.

Similar dependence of the transverse mode instability
(called filamentation) gain on the relative perturbation phase
has been studied in the context of wide aperture semiconduc-
tor amplifiers, where the transverse instability is shown to be
dominated merely by inversion effects.40

The dependence of high power fiber amplifier TMI gain
on the relative perturbation phase can account for the experi-
mental observation of TMI thresholds significantly lower than
the CW pumping case when pumps are modulated.33,34 In this
case, although the input residual LP11 mode and relative phase
shift are to a large extent unchanged, the relative phase shift is
changing periodically during each pumping cycle downstream
in the counter-pumped amplifier. This work offers an alter-
native approach to the phase shift development between the
signal interference pattern and the longitudinal RI LPG, pre-
sented in Ref. 35, to explain the recent experimental results
presented in Ref. 34.
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APPENDIX: MODELING PARAMETERS

TABLE I. Key modeling parameters.

Thermal conductivity (κ0) 1.4 W/(m K)
Specific heat capacity (C0) 0.84 × 10+3 J/(Kg K)
Glass density (ρ0) 2.2 × 10+3 kg/m+3

Thermo-optic coefficient (dn/dT) 1.2 × 10−5

Yb3+ concentration (N0) 1 × 10+26 m−3

Metastable level lifetime (τ) 1 × 10−3 s
Real-to-imaginary susceptibility ratio (a) 10
Signal wavelength (λs) 1064 nm
Signal emission cross section (σes) 0.14 × 10−24 m2

Signal absorption cross section (σas) 0.0016 × 10−24 m2

Pump wavelength (λp) 976 nm
Pump emission cross section (σep) 1.46 × 10−24 m2

Pump absorption cross section (σap) 1.38 × 10−24 m2

Cladding-to-core diameter ratio 6
Optical-to-optical conversion efficiency (ηOO) 75%
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