
Transverse mode instability, thermal lensing 
and power scaling in Yb3+-doped high-power 
fiber amplifiers 

MICHALIS N. ZERVAS
1,2,* 

1Optoelectronics Research Centre, University of Southampton, Southampton SO17 1BJ, UK 
2Advanced Laser Lab, ORC/SPI Lasers, Southampton, UK 
*mnz@soton.ac.uk 

Abstract: Transverse mode instability (TMI) is compared to thermal lensing (TL) power 
threshold and used to derive power scaling limits in high-power fiber amplifiers. The TMI 
power threshold is shown to be ~65% of the TL one and dominates power scaling. In addition 
to commonly used limiting effects, we introduce a bend-induced mechanical reliability 
criterion, which limits the maximum allowable cladding diameter to ~600μm. This also 
results in the introduction of a critical pump brightness, the minimum required pump 
brightness at which the maximum signal power is achieved. The maximum achievable power 
depends primarily on the choice of pumping wavelength, amplifier gain and heat coefficient. 
Maximum signal powers of ~28kW to ~38kW, for diode pumping (λp = 976nm), and ~35kW 
to ~52kW, for tandem pumping (λp = 1018nm), are predicted for single-mode fiber amplifiers 
operating at signal wavelength λs = 1070nm, when the amplifier gain is increased from 10dB 
to 20dB. For an amplifier gain of 10dB, the maximum achievable signal power varies from 
85kW to 25kW for tandem pumping and 35kW to 20kW for diode pumping, when the heat 
coefficient varies from 1% to 15% and 5.5% to 20%, respectively. The corresponding critical 
pump brightness varies from ~0.50 W/(μm2 sr) to ~0.14 W/(μm2 sr) for tandem pumping and 
~0.25 W/(μm2 sr) to ~0.13 W/(μm2 sr) for diode pumping. 

Published by The Optical Society under the terms of the Creative Commons Attribution 4.0 License. 
Further distribution of this work must maintain attribution to the author(s) and the published article’s title, 
journal citation, and DOI.  

1. Introduction 

Cladding-pumped Yb3+-doped high-power fiber lasers (HPFLs), in master-oscillator power 
amplifier (MOPA) configurations, have shown record single-moded diffraction-limited output 
powers in the range of 10kW [1,2]. Output power limits in cladding-pumped high-power fiber 
amplifiers (HPFAs) have been shown to be set by the pump brightness, optical nonlinearities 
(such as stimulated Raman (SRS) or Brillouin (SBS) scattering), optical damage, glass rapture 
or melting and thermal lensing (TL) [ 3,4]. 

The TL power threshold has been set arbitrarily to a level that results in pumped “hot” 
fiber mode-field diameter (MFD) ωTL ≈0.7 - 0.8 ω0, where ω0 is the corresponding un-
pumped (“cold”) fiber MFD [3]. Therefore, its impact on power scalability is to some extend 
arbitrary and artificial. It has been shown that in diode-pumped HPFAs the output power limit 
is set to ~37kW, by a combination of pump brightness, SRS and TL limitations [3,4]. In the 
case of tandem pumping, the predicted power limit is increased to 70kW [5] and 68-97kW 
[6], limited by optical damage, SRS and TL effects. 

More recently, transverse mode instability (TMI) [7] has been identified as a severely 
limiting power-dependent effect and its impact on power scaling has been considered [8–10]. 
In these studies, different TMI power threshold formulae were considered resulting in 
substantially different power scaling limits. In [8] the TMI threshold was considered to be 
reached at a fixed average heat load Q0 = 34W/m, independent of core diameter [11], and 
predicted a diode-pumped power limit of 70kW, defined though by pump brightness, SRS 
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and TL. The power limit, however, was reduced to 10kW, when pump brightness, TMI and 
TL were considered. In [9] the TMI threshold scaled inversely with the core area and the 
diode-pumped power limit was set by pump brightness, SRS and TMI at ~28kW. 

It should be noted that the aforementioned increased power limits were achieved with 
fiber-length/core-diameter combinations of ~20m/60μm [5], ~80m/130-220μm [6] and 
~120m/260μm [8]. To date, however, the largest demonstrated active core is 135μm [12], and 
passive core diameter is 205μm [13], both achieved with microstructured large-pitch fibers 
and have to be kept straight over limited lengths of 1-2m. In addition, all previous power 
scaling investigations consider a fixed core pump absorption (Yb3+ concentration) and pump 
cladding absorption, which result also in large cladding diameters (>1mm). However, in 
practical HPFL systems to accommodate such ultra-long lengths the fibers should be bent in 
compact packages and the ramifications of bending such extra-large core and cladding 
diameter fibers have not been fully considered so far. 

Following these results, it becomes apparent that efforts should be made to establish first a 
relation between the thermally driven TL and TMI thresholds, as well as, consider additional 
constraints imposed by the required long fiber lengths and large core diameters. Given that 
the majority of practical industrial or directed energy HPFL systems should preferably have 
minimum footprint, the additional constraints of mechanical reliability and mode field 
deformation of appropriately bent fibers should also be considered. 

In this work, in Section 2 we first derive a simplified expression of the MFD shrinkage 
due to heat load and TL in HPFAs and compare it with published experimental results [14]. 
We also recast a recently derived simple TMI power threshold formula [ 15-17], in terms of 
laser efficiency (ηlaser) and heat generation coefficient (ηheat), and compare it to the widely 
used TL power threshold [3]. In Section 3 we show representative power scaling results 
limited by the pump brightness, the onset of SRS/TMI and mechanical reliability, for diode- 
(DP) [18] and tandem-pumped (TP) [2,19,20] Yb3+-doped HPFAs. In Section 4, we introduce 
the concept of critical pump brightness and derive the maximum achievable signal power as a 
function of pump brightness for different amplifier gains, laser efficiencies and dopant 
concentrations. In Section 5, we discuss the results and conclude. In Appendix A, we consider 
the bending-induced mechanical reliability and establish the maximum allowable cladding 
diameter. In Appendix B, we consider the bending-induced mode field deformation, and in 
Appendix C we summarize the different power limits due nonlinear, thermal and other 
effects. Finally, in Appendix D, we consider the heat-induced fundamental mode MFD 
shrinkage in optical fibers and compare it to the free-space case. 

2. TL and TMI effects in optical fibers 

In this section, we first consider the relation between thermal lensing, which is traditionally 
considered as one of the main power scaling limiting effects in HPFAs, and TMI. 

2.1. TL-induced MFD shrinkage in optical fibers 

We first derive a simplified formula for the MFD shrinkage due to thermal lensing and 
compare it with experimental results from the literature. The MFD diameter ω0 in a step-
index (SI) fiber is approximated by [21]: 

 

0
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0

1.619 2.879
0.65

d V V

ω
= + +

 (1) 

where d0 = 2r0 is the core diameter, ( ) ( )2 2

1 2 20 0 0 0 2V n n n nd dπ λ π λ= − Δ , 

1 2
n n nΔ = − , with n1 (n2) being the core (cladding) refractive index, and λ0 the signal 

wavelength (see Fig. 1(a)). 
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Steady-state thermal effects in HPFAs are described by the simplified steady-state heat 

equation 2
0( ) ( )T T z Q zκ− ∇ Δ = , where 2

T∇  is the transverse Laplacian, TΔ is the temperature 

change, κ is the silica thermal conductivity. Q0 is the heat power density (volumetric heat 
source), which in the case of an optically pumped amplifier is given by [22]: 

 

Fig. 1. Schematic of (a) “cold” step-index fiber, and (b) “hot” fiber quasi-parabolic refractive 
index profile; (c) “hot”/”cold” SI fiber MFD ratio. 

 0 ( )D s s s D s s sQ q dI dz I q g Iα α+ = +  (2) 

where ( ) 1D s pq λ λ= − is the quantum defect parameter, gs is the saturated signal gain 

coefficient, αs is the signal background loss, λs (λp) is the signal (pump) wavelength, and Is the 
signal intensity. Thermal effects can also be quantified by the average heat load 

heatQ
approximated by [3]: 
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where 
heatP is the power dissipated into heat, L is the amplifier length, absorbed

pumpP  is the absorbed 

pump power, ηheat is the heat coefficient, ηlaser is the laser efficiency and extracted
signalP  is the 

extracted signal power ( ( ) (0)extracted
signal s sP P L P= − ) and ( ) (0)s sG P L P=  is the amplifier gain. For 

HPFAs for which 1G , ( )( )heat heat laser sQ P Lη η . 

Assuming a uniform heat load distribution across the fiber core, the thermally-induced 
core refractive index acquires a quasi-parabolic profile (see Fig. 1(b)) with maximum RI 
variation approximated by [23]: 
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4
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 (4) 

where (dn/dT) is the thermo-optic coefficient. In the case of thermally-induced quasi-
parabolic RI profile, the fundamental mode MFD diameter ωth is approximated by [21]: 
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where ( )0 0 22 (1 ) 1th th thV d n n n n V n nπ λ= Δ + Δ Δ = + Δ Δ . The “hot” to “cold” MFD 

ratio (ωth/ω0) versus the heat load is plotted in Fig. 1(c), for different core diameters and V = 
2.2. It is shown that for all core diameters the MFD “shrinks” as the heat load increases. The 
“hot” fiber MFD shrinkage is more pronounced in larger core diameter fibers. This implies 
that large mode area (LMA) fibers are expected to be more prone to thermal effects. 

2.2. TL and TMI power limits 

In the literature [3], TL limit is considered as the power above which a Gaussian beam 
propagating in free space negates diffraction and starts self-guiding under the influence of a 
thermally-induced quasi-parabolic RI profile. Using an ABCD matrix analysis, the derived 
TL power limit is then given by Eq. (24), namely: 
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and corresponds to a reduction of the beam initial MFD by a factor of 0.7-0.8. κ is the silica 
thermal conductivity and dn/dT the thermo-optic coefficient. 

A TMI power threshold has been derived by carrying out a stability analysis of the 
fundamental (LP01) mode amplification process, in the presence of heat load induced by the 
amplifier quantum defect. The TMI limit or threshold, in this case, corresponds to the power 
above which a small spatial perturbation (e.g. in the form of LP11 mode) increases 
exponentially [15–17]. The derived TMI power limit, in this case, is given by Eq. (23). In 
HPFAs, heat generation is dominated by the quantum-defect contribution and, therefore, we 
can set ( )s D s s D sq g q gα α′  . Expressing 2

0 0heatQ Q rπ= and using Eqs. (2) and (3), we approximate
( )s heat laserLαηη′

. 

This approximation is more appropriate for the case of backward pumping. From Eq. (24) 
then the TMI power limit takes the simplified form: 
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which now can be compared directly with the TL power limit in Eq. (6). neff is the 
fundamental mode effective index and Us(Uε) is the normalized transverse wavenumber for 
the fundamental (higher-order) fiber mode. Despite their fundamentally different physical 
character and derivation method, both the TL and TMI limits show the same dependence [∝
(λ0/d0)

2] on signal wavelength (λ0), core diameter (d0), laser efficiency (ηlaser), heat generation 
coefficient (ηheat) and fiber length L. In addition to core diameter and the parameters shown in 
Eq. (7), it has been shown experimentally (see Fig. 1 in [16]) that the TMI threshold depends 
strongly also on the signal linewidth. The simplified TMI threshold formula in Eq. (7) applies 
to broad linewidth operation. 

However, it should be emphasized that TMI results in detrimental beam break-up, while 
TL results simply in 20-30% MFD shrinkage. The latter is not damaging, although it can 
decrease the threshold of other nonlinear effects, such as SRS. In some cases, though, like in 
large-pitch fibers, TL can be beneficial to some extend as it can initially stabilize the beam 
shape and contribute to more robust guiding [24,25]. 

From Eqs. (6) and (7), it is deduced that the TMI/TL power limit ratio is given by 
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which is independent of the amplifier length. For L > Lpump-SRS and d0 > dpump-TMI, the border 
line between TMI- and SRS-limited powers corresponds to TMI SRS

out outP P=  (see Eqs. (6) and (26)), 

and it is given by: 
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Along this border the maximum achievable power is obtained, given by: 
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The required minimum amplifier length and core diameter to obtain the maximum 

achievable output power are given by Eqs. (9) and (10), respectively. In the case of Fig. 4(a), 
the corresponding values are 41m and 78μm, respectively. Figure 4(b), on the other hand, 
plots the required cladding diameter (in μm), as given by Eq. (23), required for the power 
levels plotted in Fig. 4(a) to be achieved. It is shown that the maximum achievable power of 
~28kW requires a minimum cladding diameter of 1.6mm. With such cladding dimensions 
these structures can hardly qualify as “standard” bendable optical fibers and the implications 
on power scaling will be considered next. 

3.1 Fiber mechanical reliability considerations 

In all the previous power scaling investigations, fixed core (αcore) and total (Ap) pump 
absorption were considered and as a result large core diameters were accompanied by large 
cladding diameters (>1mm) and long fiber lengths (>>10m) [3–6,8]. Given that most practical 
industrial or directed energy HPFL systems should preferably have minimum footprint, the 
additional constraints of mechanical reliability of bent large-cladding-diameter fibers should 
be considered [30]. Figure 9 in Appendix A shows the calculated failures-in-time (FIT) as a 
function of fiber bending diameter (Dbend), for different cladding diameters. The fiber is 
assumed to have undergone minimum proof testing and the failure time is 20years [31,32]. 
Assuming a maximum bending diameter Dbend = 1m, the maximum allowable cladding 
diameter is dmech = 600μm. This additional limit will be used in the subsequent calculations. 
From Eq. (23), the mechanical reliability border line can be defined as: 

 

2

2
0

p mech
mech

core

A d
L

dα
=

 (13) 
When within the pump-limited (blue) region, the maximum achievable signal power, 

along the mechanical reliability border line, is given by: 

 

max 2 2 21

4pump laser p mechP B NA dη π=
 (14) 
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It should be mentioned also that a 30μm core fiber, 10dB gain, ~15m long amplifier is 
expected to provide a maximum of ~10kW pump/SRS limited signal power, in close 
agreement with the record experimental result in [2]. 

4. Pump brightness requirements 

Pump brightness, along with the mechanical reliability imposed maximum cladding diameter, 
are among the most important parameters in defining the power scaling limits in HPFAs. 
While the TMI/SRS-limited power, given by Eq. (12), is independent of pump brightness 
(Bp), the pump-limited power, given by Eq. (14), is proportional to Bp. We can define a 

critical pump brightness crit
pB , which is the minimum brightness for which max max

pump TMI SRSP P −= . 

This corresponds to the case shown in Fig. 5(b), where the pump/SRS, pump/TMI, SRS/TMI 
and mechanical reliability power limits coincide. From Eqs. (12) and (14), the critical pump 
brightness is then given by: 

 

( )
( )

2 2

0
2 2 2

2 ln( )4 scrit
p

mech eff laser heat R

U U GU
B

NA d n dn dT g
εε

κλ
π η η

−Γ=
 (15) 

The critical pump brightness depends on the maximum allowable cladding diameter dmech. It 
also depends on the amplifier gain, laser efficiency and heat coefficient, in addition to other 
fiber parameters and thermo-optic constants. 

The critical pump brightness defines the dependence of maximum achievable signal 
power and the required minimum core diameter, fiber length and cladding diameter on pump 
brightness. 

A. Maximum Signal Power ( max
sP ): It is easily deduced that the maximum achievable 

signal power is given by: 

 

max
max

max

;

;

crit
pump p p
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TMI SRS p p

P B B
P

P B B−

 <=  ≥  (16) 

where max
pumpP and max

TMI SRSP −
are given by Eqs.. (14) and (12), respectively. 

B. Minimum Core Diameter ( min
0d ): When crit

p pB B< , the mechanical reliability border line 

overlaps with the pump-limited region (see Figs. 5(a) and (c)) and there is a range of fiber 

core-diameter/length combinations available. The minimum core diameter mech SRSd − , 

however, is obtained by setting 
mech pump SRSL L −= , which when using Eqs. (9) and (13) takes the 

form: 
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216 ln( )
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G

πη
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Γ
 (17) 

When crit
p pB B≥ , on the other hand, the mechanical reliability border line does not overlap 

with the pump-limited region and instead it intersects the TMI/SRS border line TMI SRSL − (see 

Eq. (11) and Fig. 5(d)). However, since the maximum signal power is constant along this 

border, the minimum core diameter is given by the corresponding 
pump TMId − , given by Eq. 

(10). Overall, the minimum core diameter is given by: 
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other hand, the minimum core diameter decreases with Bp ( 0.25
pB−∝ ). The minimum required 

core diameter peaks at a higher value for TP (~62μm), as compared to DP (~46μm). In Fig. 

6(b), it also shown that for crit
p pB B<  the minimum cladding diameter remains constant at 

mechd , for both DP and TP. For crit
p pB B≥ , on the other hand, the minimum cladding diameter 

decreases with Bp ( 0.5
pB−∝ ), for both DP and TP. From a physical point of view, since for

crit
p pB B<  the cladding diameter remains fixed and the fiber length decreases with Bp, the core 

diameter increases in order to maintain a total cladding pump absorption of Ap = 20dB. For 

the same reason when crit
p pB B≥  both fiber length and cladding diameter decrease and result in 

an appropriate core diameter decrease. This can also be verified analytically by considering 

( )2

0p core cladA r r Lα= and substituting Eqs. (9), (18) and (19). 

From Figs. 6(a) and (b) it is deduced that although increasing the pump brightness above 
the critical value does not result in further signal power increase, nevertheless it reduces 
considerably the requirements in fiber core/cladding diameters and length leading to more 
robust and manufacturable HPFLs. 

Figure 7(a) plots the maximum signal power (right axis) and minimum fiber length (left 
axis), while Fig. 7(b) plots the required minimum cladding diameter (left axis) and minimum 
core diameter, respectively, for diode pumping (ηheat = 0.10, ηlaser = 0.80, αcore = 250dB/m). 
Figures 7(c) and (d) plots the corresponding parameters for tandem pumping (ηheat = 0.06, 
ηlaser = 0.85, αcore = 100dB/m). In both cases, the amplifier gain (G) is set to 10dB (blue lines), 
15dB (green lines) and 20dB (red lines). In the DP case, increasing the amplifier gain from 
10dB to 20dB increases the maximum signal power from ~27kW to ~38kW. The critical 
pump brightness increases from 0.18 W/(μm2 sr) to 0.26 W/(μm2 sr), while the required core 
diameter reduces from ~46μm to ~42μm. In the TP case, the same amplifier gain variation 
increases the maximum signal power from ~37kW to ~52kW. The critical pump brightness 
increases from 0.22 W/(μm2 sr) to 0.32 W/(μm2 sr), while the required core diameter reduces 
from ~62μm to ~55μm. These results show that increasing the amplifier gain increases the 
maximum achievable signal power, as a direct result of the resulting increase in critical pump 

brightness ( [ ] 0.5 0.5ln( ) , ( )crit
p heatB G η+ −∝  - see Eq. (15)). 

From Eq. (12), it is obvious that the maximum achievable signal power depends explicitly 
on the heat coefficient ηheat. The heat coefficient depends on the choice of the pump and 
signal wavelengths [34], as well as, additional effects such as the signal background loss due 
to glass impurities or photodarkening [28,35]. The heat coefficient, therefore, can vary from a 
minimum value determined by the quantum defect ( min min

heat Dqη = ) to a maximum value 
max 1heat laserη η= −  (assuming negligible signal scattering, HOM excitation and other pump losses). 
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In deriving the TMI threshold we have considered primarily the effects of heat load due to 
quantum defect. Other parameters, such as gain saturation, higher-order mode excitation at 
the input and excess signal loss (e.g. due to photodarkening), which are known to affect the 
TMI threshold have not been taken into account in this study. Any additional factor that 
reduces the TMI threshold will impact the calculated maximum achievable powers. 

We have also introduced the concept of critical pump brightness, which defines the 
minimum pump brightness needed to reach the maximum achievable signal power. The 
achievable signal power increases linearly with pump brightness when below the critical 
value, and remains unchanged above it. 

We have used these new findings to investigate the power scaling limits in HPFAs under 
diode and tandem pumping. In the case of diode pumping, increasing the amplifier gain from 
10dB to 20dB increases the maximum signal power from ~27kW to ~38kW. The critical 
pump brightness in this case increases from 0.18 W/(μm2 sr) to 0.26 W/(μm2 sr), and the 
required core diameter reduces from ~46μm to ~42μm. In the case of tandem pumping, the 
same amplifier gain variation increases the maximum signal power from ~37kW to ~52kW. 
The critical pump brightness increases from 0.22 W/(μm2 sr) to 0.32 W/(μm2 sr), while the 
required core diameter reduces from ~62μm to ~55μm. While increasing the amplifier gain 
results in substantial increase of the maximum achievable signal power, it should be taken 
into account that high gain amplifiers are more susceptible to back reflections and other 
external perturbations. As a result, a compromise between highest possible signal power and 
laser sensitivity to external perturbations should be sought in a robust practical HFFL design. 

Although increasing the pump brightness above the critical value does not result in further 
signal power increase, it reduces considerably the requirements in fiber core/cladding 
diameters and fiber length leading to more compact and manufacturable HPFLs. Reduced 
core diameters, e.g. Dcore < 40-45μm, are more manufacturable with current fiber fabrication 
techniques and can provide fibers with lower V number and modality. This is beneficial for 
splicing to SM fibers and for increasing the overall laser efficiency. In addition, as shown in 
the Fig. 10 inset, reducing the core diameter to Dcore < 40-45μm results in minimal mode 
deformation and effective area reduction even with bend diameters in the range of 10-50cm. 
Reduced cladding diameters, on the other hand, relax the mechanical reliability requirements 
and allow also for smaller bend diameters (see Fig. 9). This is also known to facilitate bend-
induced distributing filtering of HOMs [36], proven to increase the TMI threshold [37] and 
efficiency of HPFAs with SM output [38]. 

For an amplifier gain G = 10dB, the maximum achievable signal powers (up to 35kW for 
DP, and up to 80kW for TP) will require multi-kW pump powers delivered in fibers with 
maximum cladding diameter of ~600μm and brightness in the range of 0.13-0.26 W/(μm2 sr) 
for DP, and 0.14-0.50 W/(μm2 sr) for TP. Multi-kW pump powers are achieved by combining 
a number of lower power modules through different incoherent combination techniques [1], 
such as spatial/polarization geometric combination [39,40], and wavelength beam 
combination (WBC) [41] or combination of the two [42]. High power pump modules can be 
potentially further combined by cascaded Nx1 fused tapered fiber bundles [43]. 

Due to brightness conservation requirements, the pump brightness at the output of an 
incoherent spatial combiner is always smaller than the brightness of the input pump modules. 
For DP, current semiconductor diode laser technology can provide geometrically combined 
multi-element modules with 340W delivered in 105um/0.15NA fibers with brightness of ~0.7 
W/(μm2 sr) [44]. It is questionable though whether spatial incoherent combination of such 
diode pump modules can provide multi-kW pump power with the required brightness to 
achieve the predicted maximum signal powers. Alternatively, recent WBC diode technology 
has demonstrated modules with outputs of 4,680W in 100μm/0.08 NA fiber and record 
brightness of ~36 W/(μm2 sr) [41]. This is a promising diode technology for providing the 
required multi-kW pumps with the brightness to achieve the aforementioned maximum signal 
powers. 
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TP, on the other hand, relies on incoherently combined SM 1018nm fiber lasers to pump a 
HPFA operating in the 1060nm-1080nm region [2]. It has already been demonstrated that 
kW-level industrial SM fiber lasers incoherently combined through a cascade of Nx1 fused 
fiber tapered bundles, can provide 100kW power in 300μm/0.105 NA output fiber with a 
brightness of ~50 W/(μm2 sr) [45]. Recently, a 1018nm laser has been demonstrated 
providing 1,150W output in a 30μm/0.05 NA fiber with brightness of ~207 W/(μm2 sr) [46]. 
These results indicate that TP is a mature technology that can provide the required pumping 
power and brightness to reach the maximum signal powers derived in this work. 

Finally, the observed dependencies of minimum core, cladding and fiber length on pump 
brightness (Bp) (see Fig. 6 and 7) are due to the assumption of constant cladding pump 
absorption (Ap) and core pump absorption (αcore) (or dopant concentration) and a scaling given 
by Eq. (23). If we assume a different core/cladding scaling, the dopant concentration has to be 
adjusted appropriately, so that the required Ap and αcore are obtained. 

Appendix A: Bending-induced mechanical reliability 

In all previous power scaling investigations, a fixed core pump absorption (Yb3+ 
concentration) was considered and as a result large core diameters were accompanied by large 
cladding diameters (>1mm) and long fiber lengths (>>10m) [2–6]. Given that most practical 
industrial or directed energy HPFL systems should preferably have minimum footprint, the 
additional constraints of mechanical reliability of bent fibers should be considered. Failure in 
time (FIT) is calculated by the failure probability, given by [31,32] 
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with m, Np, L, E, dclad and Dbend being a Weibull distribution constant, failure number per unit 
amplifier length during proof testing, amplifier length, the fiber elastic modulus, cladding 
diameter and amplifier bending diameter, respectively. B, n, Bp and np, on the other hand, are 
parameters determined from the crack growth under certain environmental conditions, while e 
and ep are applied strain applied and ts and tp are times the strain was applied during proof-
testing. Typical parameters, used in the calculations, are m = 2.42, Np = 0.1, L = 10m, n = 20, 
np = 24, ep = 0.0015, tp = 1s, ts = 20years ( = 20x31.536x10+6s), and γ = 1000. 

Figure 9 shows the calculated failures-in-time (FIT) as a function of fiber bending 
diameter (Dbend), for different cladding diameters. The fiber is assumed to have undergone 
minimum proof testing and the failure time is 20years [31,32]. Assuming a maximum 
bending diameter of 1m, the maximum allowable cladding diameter is ~600μm. This limit 
will be used in the subsequent calculations. 

                                                                                       Vol. 27, No. 13 | 24 Jun 2019 | OPTICS EXPRESS 19034 



Fig. 9

Appendix B

Bending indu
different bend
tend to distort
of curvature [

Figure 10
over the one 

diameters. It 
bending. For 
suffers an eff
~50%. Fig. 10
and bending 
mode area re

respectively. 
Bend-indu

is more pron
competition 
reduction lim
Dbend=100cm,
diameters in 
reduces to Db

footprint. 

9. Failures-in-Time

B: Bend-indu

ced mode field
ding diameters
t the mode fiel
47]. 
(a) plots the r
of straight fib

is shown that 
a bending dia

fective area re
0(b) shows rep
diameter Dbend

eduction, (def

uced modal de
nounced for th
and overall a
it to Reff=10%,
, the maximum
the range of 2

bend=10cm-50cm

e (FIT) versus ben

ced mode fie

d deformation w
s. Fiber bendin
d distributions

ratio of the fun
ber (

effA∞ ) as a

increasing the
ameter of Dben

eduction of ~5
presentative mo
d=40cm, 50cm

fined as 
effR =

formation and
he fundamenta
amplifier effic
, from the inse

m tolerable cor
25μm-45μm, o
m. This potent

nding diameter Dben

eld deformat

was calculated
ng and bend-in
s, and ultimatel

ndamental-mod
a function of t

 core diameter
nd=100cm, a f
%, while with
ode field defor

m, 70cm and 1

(1 eff effA A∞= −

 effective mod
al mode and 

ciency [48]. B
et of Fig. 9(a) w
re diameter is 
on the other h
tially results in

end., for different cl

tion 

d as a function 
nduced refracti
ly push the fiel

de effective ar
the core diame

r makes the fib
fiber with core
h Dcore=100μm
rmation for cor
100cm. They c

) , of about 9

de area reducti
has negative 

By setting the
we conclude th
~55μm. If we

hand, the allow
n more compa

 

ladding diameters.

of the core dia
ive index chan
ld away from t

rea of bent fib
eter, for differ

ber more susce
e diameter Dc

m suffers a red
re diameter Dc

correspond to 
9%, 6%, 3% 

ion in multimo
impact on th

e effective m
hat, for a bend 
e consider sma

wable bending 
act designs with

. 

ameter for 
nges both 
the center 

bers (Aeff) 
rent bend 

eptible to 
core=50μm 
duction of 
core=40μm 
effective 
and 1%, 

ode fibers 
he modal 

mode area 
diameter 

aller core 
diameter 

h smaller 

                                                                                       Vol. 27, No. 13 | 24 Jun 2019 | OPTICS EXPRESS 19035 



Fig. 1
= 40c
differe

Appendix C
Express 16(

C.1. Pump p

 

where 
pA =

(clad core rα α=
the small-sign
cladding radii

For given 

 

where dclad = 2

C.2. TMI Pow

 

where 
s sα α′ =

and other con

coefficient du

0. (a) Mode field 
cm, 50cm, 70cm 
ent bending diame

C: Nonlinear
(17), 13240–1

power limit 

pump
out lP η=

cladLα=  (in 

)2

0 cladr r small-

nal pump core
i. ηlaser is the pu
αcore, αclad (in d

2rclad and d0 = 

wer limit [M. N

0.5s D sq gα + is a h

ntributions, su

ue to quantum

deformation for co
and 100cm; (b) 

eters (V = 6). The i

r and other 
13266 (2008)

( )(2
laser p cladB rπ

dB) is th

-signal claddin

e absorption c
ump-to-signal c
dB/m) and L, th

0clad cod d α=

2r0. 

N. Zervas, Pr

4
TMI

out

U
P

κ
π

=

heat generation

uch as phoroda

m defect (
Dq =

ore diameter Dcore

Mode effective a
inset zooms into th

power limit 
] 

( )2
laserNAπ η=

he small-sign

ng pump absor

coefficient (in 
conversion effi
he required cla

0ore clad dα α=

roc. SPIE 100

( )
( )

2 2 2
s

eff s

U U U

n dn dT

ε ε

α
−

′

n coefficient. α
arkening, whil

1s pλ λ − ) and 

= 40μm and bend
area ratio versus 
he top-left highlig

formulae [J

2 2 2
0r pB NA r

A

απ

nal total pu

rption coeffici

dB/m). r0 and
ficiency. L is th
adding diamete

core pL Aα

083, 100830M

2

0

0d

λ 
 
 

sα includes the 

le 
D sq g describ

gain saturatio

 

ding diameter Dbend

core diameter for
ghted area. 

J. W. Dawso

,core

p

L
A

α

ump absorpti

ient (in dB/m) 

d rclad are the 
he fiber length. 
er dclad is given 

M (2017)] 

signal backgro

bes the heat g

on ( sg ). κ is t

d 
r 

on, Opt. 

(22) 

ion and 

and αcore 

core and 

by: 

(23) 

(24) 

ound loss 

generation 

the silica 

                                                                                       Vol. 27, No. 13 | 24 Jun 2019 | OPTICS EXPRESS 19036 



thermal conductivity and dn/dT the thermo-optic coefficient. d0 = 2r0 is the core diameter. neff 
is the fundamental mode effective index and Us(Uε) is the normalized transverse wavenumber 
for the fundamental (higher-order) fiber mode, approximated by 

( ) ( )( ) ( )exp( 1 )s sU V U Vε ε= ∞ − , where the asymptotic values for LP01 and LP11 mores are 

Us(∞) = 2.405 and Uε(∞) = 3.832, respectively, and V is the core V-number [49]. 

C.3. Thermal lens power limit 

 
( ) ( )
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0
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dL dn dT

λπκ
η η
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where ηheat is the fraction of power turned into heat inside the core, due to the quantum defect 
and other contributions (such as background signal loss and photodarkening). 

C.4. Stimulated Raman scattering (SRS) power limit 
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single-pass saturated average gain. 
0M Fr r= Γ  is the mode field radius. 

C.5. Optical damage power limit 
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where Idamage is the damage intensity. 

C.6. Thermal rapture power limit 

 

2
0
2

4

1
2

rupture laser m
out

heat

clad

R
P L

r
r

η π
η

=
−

 (28) 

where Rm is the rupture modulus of silica glass and rclad is the cladding diameter. 

C.7. Core melting power limit 
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where Tm is the melt temperature of fused silica, Tc is the coolant temperature and h is the 
convective coefficient. 

Typical parameter values are given in Table 1. 
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Table 1: List of parameters, symbols used in the text and values used in the calculations 

Parameter Symbol Value Units 

Rupture modulus (SiO2) Rm 2460 W/m 

Optical Damage Intensity Idamage 30 W/μm2 

Thermal Conductivity (SiO2) κ 1.38 W/(m-K) 

Convective film cooling coefficient h 10,000 W/(m2-K) 

Laser Coolant Temperature Tc 300 K 

Melt Temperature (SiO2) Tm 1983 K 

Thermo-optic Coefficient dn/dT 1.18x10−5 1/K 

Peak Raman gain coefficient gR 1x10−13 m/W 

Small-Signal Pump Absorption Ap 20 dB 

Fiber normalised frequency V 3 

Amplifier Gain G 10-100 

MFD/Core Radius Ratio Γ 0.8 

Peak Pump Core Absorption (Diode Pumping) 
αcore 

250 
dB/m 

(Tandem Pumping) 100 

Yb3+ Concentration (Diode Pumping) 
N0 

2.65x10+25 
m−3 

(Tandem Pumping) 4.6x10+26 

Heat Conversion Coefficient (Diode Pumping) 
ηheat 

0.10 

(Tandem Pumping) 0.06 
 

Appendix D: Heat-induced fundamental mode MFD shrinkage in optical fibers 

As already mentioned, in previous studies [3], the TL power limit (see Eq. (6)) corresponds to 
~20-30% MFD reduction of a Gaussian beam propagating in free space. We can now use the 
simplified analysis and results of Sections 2.1 and 2.2 to derive the corresponding MFD 
reduction in optical fibers at the TL power limit. 

From Eqs.. (3), (4) and (6), setting TL
s outP P= , the peak of the thermally-induced quasi-

parabolic RI profile in the “hot” fiber is given by: 
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0

0

1

2
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d
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   (30) 

From Eq. (5), the corresponding “hot” fiber normalized MFD is approximated by: 

 0

2TL
th

TL
thd V

ω 
 (31) 

where 1TL TL
th thV V n n= +Δ Δ . From the “cold” fiber V-number definition, on the other hand, 

we obtain ( ) ( )22 2
2 0 02n V n dπ λΔ = , which for typical V = 3-4 is approximated by 
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( ) ( )2

0 01 2 TL
thn d nλΔ = Δ  and results in 2TL

thV V . For V = 3-4, on the other hand, Eq. 

(1) results in 
0 0( ) 1dω   for the “cold” fiber normalized MFD. 

Under these approximations, the “hot”-to-“cold” fiber fundamental mode MFD ratio is 
given by: 

 0

2TL
th

V

ω
ω


 (32) 

which for V = 3-4 results in 
0 0.7 0.8TL

thω ω − . It is shown that at the TL power limit, given 

by Eq. (6), the optical fiber fundamental mode MFD shrinkage is similar to the one 
considered in Gaussian mode free-space propagation [3]. 
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