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Numerical analysis of modal instability onset in fiber amplifiers
Benjamin G. Ward**
3Department of Physics, 2354 Fairchild Dr. Ste. 2A31, USAF Academy, CO 80840

ABSTRACT

Numerical analysis of the onset of modal instability in fiber amplifiers is presented. Specifically calculations of the
evolution of the intensity fluctuation spectrum along the fiber for a sampling point offset from the core center are
presented for different instability onset conditions. These include seeding with LP01 only, seeding with LP01 and LP11
at the same frequency, seeding with LPO1 and LP11 at offset frequencies, and seeding taking quantum shot noise into
account. The position dependent spectra are shown to be very similar for each of these cases suggesting a common
instability mechanism.

Keywords: Fiber amplifiers, non-linear effects, thermal effects, power scaling, fiber lasers, modal instability, stimulated
thermal Rayleigh scattering

1. INTRODUCTION

Modal instability limits the diffraction-limited average power output of fiber amplifiers. Many experimental and
theoretical studies of this phenomenon have established inter-modal coupling due to thermally-induced refractive index
grating that is phase shifted from the instantaneous optical interference pattern as the cause of the instability. However,
contradicting reports on the cause of the phase shift have yet to be resolved. One proposed cause is the amplification of
frequency-shifted noise through stimulated thermal Rayleigh scattering (STRS) [1]. This leads to steady-state inter-
modal coupling along the length of the amplifier resulting in periodic fluctuations in the output intensity profile. An
alternate proposed instability mechanism is based on non-adiabatic power coupling caused by strong quasi-static grating
with contributions from pump or signal noise [2]. Furthermore, instability has been observed in simulations in the
absence of a frequency offset [3-4].

Experimental measurements offer limited insight into the physical foundation of modal instability because the available
data pertain only to time dependent output optical intensity profiles while both of the proposed instability mechanisms
rely on temperature and optical profile variations along the fiber as well as in time. Numerical models enable full
examination of the spatial and temporal variation of the temperature and optical intensity profiles provided that they
incorporate the essential physics. Gain saturation in particular has been shown to have a significant effect on instability
onset [5]. Furthermore, thermal lensing can significantly change the effective index profile of the fiber thus significantly
changing the guided mode properties even to the point of changing an anti-guiding core into a guiding one [6]. These
considerations suggest that a beam propagation model incorporating local population rate equations and capable of
treating both transient and steady-state cases should be used to study the onset of instability.

Numerical models of instability should be able to describe the essential features observed in experiments. These include
the onset threshold and the time dependent behavior of the output. It is challenging to predict thresholds using models
that rely on the presence of noise due to the requirement to characterize the noise source. One notable exception is
quantum shot noise which remains consistent in behavior. It may be argued that the threshold in the presence of shot
noise is the highest physically-realistic value and that predictions of higher thresholds that do not account for this noise
term are meaningless. Thresholds predicted in the absence of noise terms have been significantly higher than those
predicted in the presence of noise or offset frequencies [4, 9]. Furthermore, simulated thresholds are mostly higher than
experimentally observed ones although this may be partially due to the differences between the characteristics of the
amplifiers studied. Most low-threshold experimental studies of instability have been conducted with counter-pumped
amplifiers. Modeling of this configuration is complicated by the possible effect of mode coupling on the pump intensity
at the seeded end. Furthermore, many experimental studies have been carried out with advanced higher order mode
suppressing fiber designs that can be challenging to faithfully treat in numerical models.
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The temporal characteristics of instability are examined most easily in the frequency domain. Time-dependent amplifier
output characterization may be performed using modal decomposition techniques or with high-speed cameras or
aperture-enabled photodetectors, The frequency spectrum of the resulting time series may then exhibit peaks at well-
defined frequencies. These may be characterized by their relative amplitudes, their widths, and the evolution of these
characteristics as amplifier operating conditions are changed [10].

Recently, a new model capable of treating both periodic and non-periodic instability was published [7]). This model
employs a fast hybrid harmonic finite-element non-linear scalar beam propagator with a triple hybrid harmonic finite
element finite difference thermal solver. The beam propagation implementation enables treatment of thermal lensing
and the adiabatic changes it causes to the waveguide in addition to stronger non-adiabatic perturbations. This model also
incorporates heating through rate equation solutions based on the local signal and pump intensities. Thus it enables
examination of the time behavior of the optical fields and temperature distribution throughout amplifiers exhibiting
instability. Other researchers have suggested numerical tests of models that predict instability in the absence of
frequency shifted modes suggesting that numerical noise amplified through STRS may be the cause of this observed
instability. This implies that if realistic frequency-shifted seeding conditions including quantum noise or spontaneous
thermal Rayleigh scattering (SpTRS) are included, the observed threshold should prove to be lower than that predicted
without frequency-shifted input. This would support the claim that amplification of frequency-shifted light is the sole
physical explanation for experimentally-observed instability [8]. Examination of the intensity fluctuation spectrum
along the length of the fiber should then reveal the emergence of frequency-shifted components as the signal is
amplified.

This work reports on the fluctuation spectrum of the intensity probes along the fiber and at the output calculated using a
symmetric version of the model described above for different seeding conditions including a superposition of non-
frequency-shifted transverse modes, quantum noise-seeded, and frequency-shifted fundamental and higher order modes.

2. MODELING APPROACH

The simulation of modal instability requires a fiber amplifier model that treats the propagation, interference, and
amplification of multiple transverse modes, intermodal scattering by thermally induced refractive index changes, and
time dependent evolution of the temperature distribution as a result of quantum defect heat loading. One assumption
required for the model is that the temperature profile remains approximately static during the time it takes for the signal
to propagate the length of the amplifier. This is reasonable because the optical time of flight is on the order of
nanoseconds while the thermal response time is on the order of milliseconds, a difference of six orders of magnitude.
Similarly, for a given pump and signal intensity, the response of the energy level populations within the optically active
medium is assumed to be instantaneous. If a model were to attempt to take into account the slight temperature change
that occurs during the optical propagation or energy level population transients, the time step required would be too
small to allow a meaningful duration of time to be simulated.

Once this approximation is established, it becomes evident that the amplifier may be simulated by alternately updating
the optical fields and temperature distribution as each affects the other: the optical fields determine the local optical
intensity within the fiber which determines the quantum heat loading distribution leading to the temperature distribution
while the temperature distribution affects the optical profiles directly through the thermo-optic effect. This general
approach was first adopted because it was apparently the only one which allowed the treatment of longitudinal heat flow
[3]. 1t has been subsequently argued that this has little if any effect on instability in amplifiers. Neglecting longitudinal
heat flow opens up the possibility of determining the optical and temperature profiles for all time sequentially at each
position along the direction of propagation as well as with the additional assumption of periodic boundary conditions in
time [1,5,8,9].

Some care is required in applying the alternating thermal and optical updates. In the optical case there are several
methods of obtaining the fields along the fiber given the fields at the input. In addition to the signal propagating in the
core, the pump absorption in the cladding must also be calculated. It is convenient to use the same set of grid points for
all of the properties characterizing a local point within the amplifier: signal intensity, pump intensity, population
inversion, heat loading, and temperature. Thermal conductivity, doping concentration, mass density, and heat capacity
are all assumed to be constant. In this case, however, the approximations of the derivatives describing the wave
propagation accumulate additional error because the longitudinal average gain through the propagation step is
systematically different than the value available at the starting end.



This situation is the motivation behind Runge-Kutta methods in solving sets of ordinary differential equations. Indeed
coupled mode theory-based propagation schemes reduce to just such sets of equations to which Runge-Kutta methods
are often applied. The beam propagation method applied for the present work is similar in spirit although it includes the
application of an implicit update step. The fields are propagated from one step to the next using the field values at the
beginning of the step. The obtained values are then used to update the second half of the propagation step. In each case
the first half-step is performed using an explicit updating scheme while the second half-step uses an implicit update.

A similar situation is encountered in the case of the time step update of the temperature distribution. If the heat
distribution at a point in time is used to update the temperature distribution (which then changes the heat distribution
through the thermo-optic effect) then the average heat distribution throughout the time step is different than that at the
beginning. To overcome this, the same approach is adopted as in the optical propagation case. The heat distribution is
caleulated at the end of the time step and this distribution is then used to repeat the second half-step of the temperature
update. This approach requires that the optical beam propagation be carried out throughout the entire amplifier length
twice and that one explicit temperature update and two implicit updates be performed for each time step update. Each
optical propagation step similarly requires one explicit update and two implicit updates. Therefore, the bulk of
computational time is spent performing the implicit optical updates, four per time step per longitudinal step, which
requires the solution of a sparse linear system. For the solutions presented here, 5158 longitudinal steps were used for
3300 time steps resulting in the requirement to accomplish about 68 million linear solves.

The time required to accomplish each linear solve increases with the size of the matrices therefore it is beneficial to find
an efficient basis with which to express the optical fields. The basis used here combines a radial discretization over an
arbitrary set of points with an azimuthal harmonic expansion. This approach combines the ability of finite element or
finite difference schemes to treat arbitrary intensity distributions with the ability of modal decomposition schemes to
effectively represent propagating modes with very few degrees of freedom. It takes direct advantage of the approximate

azimuthal uniformity of large mode area fibers. The use of possibly non-uniform radial grids paves the way for future
analysis of fibers with more complicated structures such as large pitch photonic crystal fibers and leakage channel fibers.

The azimuthal expansion previously reported enabled the general treatment of non-symmetric intensity profiles. In a
great deal of cases, amplifiers have at least one mirror plane of symmetry and sometimes two. The interference of the
fundamental LP;; and first higher order LP;, mode that plays the dominant role near threshold is faithfully represented
with one plane of symmetry. This is implemented through the expansions

E(r,@,2)= fﬁq(n z)cos|igg) (1a)
g=0
o
n* (r,0,2) = nt + YV, (r,2)cos[igg] (1b)
q=0

of the electric field E and the refractive index 7 in a cylindrical coordinate system. The observation that the effects of
modal instability are more severe in weakly-guiding large mode area fibers justifies the use of the scalar approximation
to the electromagnetic wave equation governing the evolution of E. With these minor substitutions the previously

presented derivation [7] holds resulting in an optical matrix order of N-(Q+1)which is significantly smaller than the

order for the non-symmetric case of N (20 +1) where Nis the number of radial points in the optical region which

extends a few multiples of the core radius beyond the core. Additional radial points that extend to the outer cladding
boundary are included in the temperature calculation and in both cases the point spacing may vary.

3. SIMULATED AMPLIFIER PROPERTIES

The amplifiers simulated here are based on large mode area cladding-pumped step-index Ytterbium-doped fibers that are
conduction cooled to maintain a constant uniform temperature on the cylindrical outer cladding boundary. The
amplifiers are assumed to be maintained in a straight configuration without bending or coiling. Table 1 summarizes
amplifier parameter values used for the simulations. The main differences between the runs presented are the pumping
power levels, the direction of the launched pump (co-pumped vs. counter-pumped), and the temporal properties of the
seed.



The azimuthal order of the fields here is restricted to 4 while the radial discretization allows any radial order. It is
important to reiterate that the modes are used for seedin

g the amplifier as well as decomposing the output but not for the
propagation. Figure 1 shows the first 9 modes for this fiber in the absence of thermal lensing. The first 7 modes are
truly guided while the last two can be considered cladding modes. The 7" mode, LPy, represents the highest azimuthal
order retained. The calculated propagation constants of these modes were compared to those obtained with the non-
symmetric method as a check on the implementation and found to be identical. In the absence of symmetry, each of the
modes with an azimuthal order greater than zero has a degenerate mode oriented on the other Cartesian axis. Other
amplifier parameters are given in Table 1.

Table 1. Simulated Fiber Parameters

Parameter Value
core diameter 74 um
pump cladding diameter 170 pm
outer cladding diameter 170 pm
core numerical aperture 0.03
fundamental mode field area 2750 pm*
beat length LPy,-LP;, 22.3 mm
fiber length 1.15m
yb" doping concentration 3.5x10% m™
signal wavelength 1.064 pm
pump wavelength 0.977 um
signal power LPy, varies
signal power LP,, varies
pump power varies
output power varies
signal emission cross-section 3.58x10% m?
signal absorption cross-section 6.00x107%" m?
pump emission cross-section 1.87x107%* m?
pump absorption cross-section 1.53x107% m?
upper state lifetime 850 us
thermal conductivity 1.38 W/m-K
heat capacity 703 J/kg-K
mass density 2201 kg/m’
thermo-optic coefficient 1.2x10°K"!
heat sink temperature 300K
z grid spacing 2.23x10%m
time step 4.0x107 s
total simulation time varies
thermal radial points 66
optical radial points 56
doped core radial points 29
optical azimuthal order 4
thermal azimuthal order 4

4. AMPLIFIER SEED CHARACTERISTICS

Studying the behavior of amplifiers with different

seed source characteristics may provide insight into factors affecting
instability onset. One key question is whether in

stability occurs in an amplifier in the absence of a frequency shifted
noise term. Four types of initial seeding conditions are considered here: Seeding with the fundamental mode only,

seeding with the fundamental and a higher order mode at the same frequency, seeding with the fundamental mode and a

frequency-shifted higher order mode, and seeding with the fundamental mode and a higher order mode taking into
account the quantum shot noise that each experiences.
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Figure 1. Field intensity plots for the first 9 guided modes of the fiber considered here in descending order of effective
index: LPg, (1), LP1;(2), LP2; (3), LPgs (4), LP3) (5), LPys (6), LPy; (7), and 8 and 9 are cladding modes.

Seeding with any number of modes with any power levels requires only setting the initial fields at the beginning of the
beam propagation through superposition. This initial condition then remains constant throughout the time evolution of
the amplifier. The initial relative phase of the modes will set the starting phase of the interference pattern among the
modes. Introducing a frequency shift between two of the modes is accomplished by changing the relative phase between
the modes in time at a constant rate throughout time. The initial field is then given by

E(r,p,2=0) =B, (r.9)+expidax] JBw, (r.0) 2)

for two launched modes where P, are the modal powers launched, ¥, (r,@)are the normalized mode field

distributions, and A@is the frequency difference between the two launched modes. This changes the interference
pattern leading to travelling intensity and temperature gratings, the latter lagging the former. Setting A@ =0 leads to the
initial condition for the non-frequency-shifted case.

The case of quantum shot noise seeding is interesting in that it may set the upper limit on the instability threshold. This
noise term results from the Poisson statistics governing the emission of photons from the seed source of the amplifier.
Assuming that it is a laser oscillator, its rate equations govern the average rate of stimulated emission but the precise
times that the photons are emitted is random leading to a very small uncorrelated amplitude modulation for each
Jaunched mode. This noise source is physically unavoidable, although in theory it can be reduced through extraordinary
measures such as employing a squeezed-light seed source.

Poisson statistics are described by the rule that the uncertainty in the number of photons entering the amplifier in any
given time interval is equal to the square root of the number of photons

on=+/n. (3)

Considering the number of photons at frequency v incident during a time interval Azata given seed power level P
leads directly to an expression for the width of the power distribution function
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where £ is Planck’s constant. For signal wavelengths near 1.064 microns and a power level of 15 Watts this works out
to approximately o, = 2x107" Watts evenly spread across all frequencies. For large numbers of photons, the Poisson

distribution is well approximated by the normal Gaussian distribution. To implement the power spread in the model, a
normally-distributed random number is generated at each time step to determine the amount of power to add or subtract
from the initial condition for each mode according to Equation (4).

5. RESULTS
5.1 Co-pumped Amplifier

The large amount of data generated during the amplifier simulations requires a choice of which to keep and analyze.
Storing the optical field at each propagation step for each time step would require about 72 GB and the same for the
temperature profile. Instead, the full optical output field at each time step is recorded as well as the three components of

the optical state vector required to calculate the optical intensity at the center of the fiber and at a point offset from the
core to first azimuthal order for all propagation steps and all time steps.
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Figure 2. Evolution of the output modal composition of co-pumped amplifiers in time. The launched pump powers were
(a) 700 Watts, (b) 800 Watts, and (c) 900 Watts. The launched seed contained 15.0 Watts in the fundamental mode and 0.75

Watts in the first higher order mode with no frequency shift between then. The modal decomposition is relative to the cold
fiber modes identified in Figure 1.
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Figure 3. Evolution of the logarithmic frequency spectrum of the off-center optical intensity probe along the length of the
co-pumped amplifier for the case of seeding with two modes and no frequency offset. The probe is located one-third of the
core radius off the center in the horizontal direction in the reference frame of Figure 1 and includes only the lowest two
azimuthal terms. The launched pump powers are the same as those depicted in Figure 2.

The first set of results presented concerns a co-pumped amplifier seeded with 15.0 Watts in the fundamental mode and
0.75 Watts in the first higher order mode (Mode 2 in Figure 1) and with no quantum shot noise or frequency-shifted
imput. Three launched pump powers are depicted: 700, 800, and 900 Watts corresponding to below, near, and well
above threshold. For the 700 Watt case, the output power was 619 Watts, but for the other two cases the output power
fluctuated significantly. Various definitions of the modal instability threshold have been presented in the literature.



Precisely applying one of these definitions requires fine tuning the pump power over a number of computational runs
with very similar parameters. For this work, estimates of the thresholds are made based on the visibility of output
fluctuations on full-range plots such as those shown in Figure 2. The instability threshold for this first set of parameters
is estimated from these results to be between 619 and 675 Watts.
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Figure 4. Output frequency spectra incorporating all azimuthal orders for the offset probe. The launched pump powers are
the same as those depicted in Figure 2.

In each case the seed was held constant while the pump was ramped linearly from zero to its maximum value over a time
period of 20 milliseconds. Figure 2 shows the evolution modal content of the amplifier output in time. Shortly after turn
on, each case exhibits a transient region as the optical length of the amplifier grows toward its equilibrium value as it
heats up. After approximately 70 milliseconds the transients are complete and the long-time behavior of the amplifier
sets in. For the purposes of spectral analysis, only the time period after 91 milliseconds is included which amounts to
1024 time steps or 41 milliseconds. The fast Fourier transform was taken over these last 41 milliseconds to determine
the frequency spectrum of the intensity probe offset from the fiber center.

It is interesting to note that Figure 2(a) shows no sign of instability after the transient regime but Figure 3(a) and 4(a)
describing the same operating condition reveals the build-up of a non-zero spectral component. The 800 Watt pumping
case depicted by Figures 2(b), 3(b), and 4(b) exhibits the most well-defined spectral peak at a frequency offset of -561
Hz with the frequency of the higher order mode content being generated less than the frequency of the fundamental
mode by this amount. The 900 Watt pumping case (Figures 2(c), 3(c), and 4(c)) exhibits a broad frequency spread with
no well-defined peaks and coupling between many of the higher order modes. The observation that the traces
corresponding to the total output power obtained by integrating the intensity over the aperture (labeled “Total” in the
plot legend) and the sum of the modal powers (labeled “Total Modes” in the plot legend) overlay well indicates that the
thermally-induced distortions are not scattering power out of the set of the first 7 modes.

It is also interesting to note that the instability spectrum range in the few hundred Hertz to few kHz is smaller than the
spectral linewidth of even single longitudinal mode seed sources which may be related to the apparent lack of
dependence of the instability threshold on the linewidth of the seed source [3].
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Figure 5. Evolution of the logarithmic frequency spectrum of the off-center optical intensity probe along the length of the
co-pumped amplifier for the case of seeding primarily with the fundamental mode (15 Watts) with a very small amount of
power in the first higher order mode (1.0 mW (a) and 1.0E-16 W (b)) with a frequency shift of -550.0 Hz.



The next set of results concerns seeding with the fundamental LPo; mode and the frequency-shifted LP;, mode. Two
power levels were used for the LP;; mode: 1 milliwatt, and 1x107° Watts. The choice of the former was somewhat

arbitrary. The choice of the latter value was motivated by arguments put forth by other researchers [9] that this is a good
estimate of the level generated by quantum fluctuations for conservative instability threshold determinations.

Qualitatively the results are very similar with the frequency-shifted component growing rapidly along the length of the
fiber and remaining spectrally pure as seen in Figure 5. The main difference between the two cases is that with the
larger seed power, an appreciable amount of power ends up in the higher order mode with a pump power of only 100
Watts and an output of 97 Watts (at this low pump power the launched seed accounts for a noticeable fraction of the
output power) which is shown in Figure 5(a). With the smaller seed power the threshold occurs at a pump power of
about 410 Watts and a total output of 374 Watts. The modal decomposition of the output confirms that the observed
fluctuations are due to coupling from the fundamental LPg; mode to the LPy; higher order mode.
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Figure 6. Evolution of the output modal composition of the co-pumped amplifier in time. The launched pump powers were
(a) 410 Watts, and (b) 480 Watts. The launched sced had 15.0 Watts in the fundamental mode and 0.75 Watts in the first
higher order mode with quantum shot noise.
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Figure 7. Evolution of the logarithmic frequency spectrum of the off-center optical intensity probe along the length of the
co-pumped amplifier for the cases shown in Figure 6.

The next set of results implements quantum shot noise seeding as described in the previous section. Figure 6(a) shows
the output modal decomposition near the instability threshold. The pumping power is 410 Watts and the seed has 15.0
Watts of power in the fundamental mode and 0.75 Watts of power in the LP,; mode each with quantum shot noise. This
results in a total output power of 376 Watts. Figure 6(b) shows the output with 480 Watts of pumping which is
significantly above threshold. At this power level all of the power couples back and forth between the first two modes in
a non-periodic fashion. This is to be expected since the shot noise is non-periodic. Nevertheless a broad frequency peak
develops with a center near -600 Hz. As the pump power is increased from 410 to 480 Watts, the peak broadens and the
low frequency valley fills in as shown in Figures 7 and 8.



To summarize the different threshold values obtained for the co-pumped amplifier: with quantum shot noise seeding and

a seed of 1x107' frequency shifted to the value for maximum stimulated thermal Rayleigh scattering gain the threshold
powers were 376 and 374 Watts respectively. In the absence of shot noise or a frequency shift the threshold was well

above 600 Watts, however, the instability spectrum was characterized by a peak similar to the one that developed in the
case of quantum shot noise seeding.
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Figure 8. Output frequency spectra incorporating all azimuthal orders for the offset probe. The launched pump and seed
powers are the same as those depicted in Figure 6.

5.2 Counter-pumped amplifier

The first results presented for the counter-pumped amplifier are for the case of quantum noise seeding. The output
residual pump power was ramped on linearly at the beginning of the runs so that the total output power rises sharply at
first and then begins to level off before reaching maximum power 20 milliseconds into the run. Figure 9 shows the
modal composition of the output just below and well above the threshold.
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Figure 9. Evolution of the output modal composition of the counter-pumped amplifier in time. The launched pump powers

were (a) 380 Watts, and (b) 438 Watts. The launched seed had 15.0 Watts in the fundamental mode and 0.75 Watts in the
first higher order mode with quantum shot noise.

The first pumping power (Figure 9(a), 10(a), and 11(a)) was 380 Watts generating an output of 340 Watts. Ripples in
the modal content are barely visible at the scales used for Figure 9(a). In both Figures 9(a) and 9(b), a noticeable
component of the first axisymmetric higher order mode appears due to strong thermal lensing present due to the higher
concentrated heat load in the counter-pumped case.
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Figure 10. Evolution of the logarithmic frequency spectrum of the off-center optical intensity probe along the length of the
counter-pumped amplifier for the cases shown in Figure 9.
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Figure 11. Output frequency spectra incorporating all azimuthal orders for the offset probe. The launched pump and seed
powers are the same as those depicted in Figure 9.

While the modal fluctuations shown in Figure 9(b) are much stronger than those in 9(a), the Fourier spectra are
remarkably similar in shape exhibiting a broad peak centered again near -600 Hz as seen in Figures 10 and 11.
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Figure 12. Evolution of the output modal composition of the counter-pumped amplifier in time. The launched pump
powers were (a) 710 Watts, (b) 764 Watts, and (c) 774 Watts. The launched seed had 15.0 Watts in the fundamental mode

and 0.75 Watts in the first higher order mode for (a) and (b), and 15.75 Watts in the fundamental mode for (c) with no
quantum shot noise.



The final set of results concerns the counter-pumped amplifier with no quantum noise seeding. The instability threshold
is about 589 Watts in this case when the amplifier is seeded with 15 Watts of LPy; and 0.75 Watts of LP,. In order to
assess the effect of the higher order mode with no frequency shift, the amplifier was simulated both with (Figures 12(a)
and 12(b)) and without (Figure 12(c)) power launched into the LP;; mode. Figure 12(a) shows the modal output powers
as a function of time below threshold, 12(b) shows the same above threshold, and 12(c) shows below-threshold operation
without any LP;; component in the seed. Although it appears that there is no sign of instability in Figure 12(c), the
Fourier spectra shown in Figures 13(c) and 14(c) corresponding to this case exhibits a weak but noticeable peak at -415
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Figure 13. Evolution of the logarithmic frequency spectrum of the off-center optical intensity probe along the length of the
counter-pumped amplifier for the cases shown in Figure 12.
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Figure 14. Output frequency spectra incorporating all azimuthal orders for the offset probe. The launched pump and seed
powers are the same as those depicted in Figure 12

Table 2. Shows a summary of the results presented above including seeding conditions, pumping conditions, threshold
values, frequency of the Fourier spectrum peak near threshold, and the figure reference.

Table 2. Summary of Results

Pumping Direction Seed Noise Threshold Spectral Peak  Figures
Co-pumping none 619-675 W -561 Hz 2-4
Co-pumping single-frequency (1E-3 W) 100 W -550 Hz 5
Co-pumping single-frequency (1E-16W) 374 W -550 Hz 5
Co-pumping quantum shot noise 376 W -561 Hz 6-8
Counter-pumping quantum shot noise 365W -561 Hz 9-11

Counter-pumping none 589 W -586 Hz 12-14




6. DISCUSSION AND CONCLUSION

Results have been presented for numerical simulations of the dynamic behavior of fiber amplifiers experiencing modal
instability. These were aimed at investigating the possibility that different proposed instability mechanisms occurred
under different amplifier conditions. The fiber properties for all of the simulations were kept the same while the
pumping and seeding conditions were varied. Co- and counter-pumping arrangements were simulated at a range of
powers in the vicinity of the instability threshold. Additionally, three relevant seeding conditions were simulated: ideal,
noiseless seeding, seeding that includes quantum shot noise, and frequency-shifted seeding.

If instability is indeed noise-induced, the case of quantum shot noise seeding arguably determines the maximum
threshold for a given amplifier. If instability is not noise-induced, then the absence or presence of noise in the input
should have little effect on the instability threshold or behavior. Introducing frequency-shifted higher order modes,
while mathematically justified by arguments centering on the narrowness of the STRS gain spectrum and the presence of
spontaneous thermal Rayleigh scattering, seems somewhat removed from actual operating conditions. On the other hand
quantum shot noise is very well understood and does not favor any particular range of frequencies.

At first it would seem that instability observed in a simulation in the absence of noise would confirm an alternate
instability mechanism, however, an explanation has been provided that takes into account unavoidable numerical noise
due to the finite precision of numerical calculations [8]. It could then be the case that the STRS process amplifies the
numerical noise leading to the instability observed in the noiseless simulations. Estimates of the noise equivalent power
due to truncation error predict that numerical noise seeded instability thresholds should be higher than quantum noise
seeded thresholds. This hypothesis is consistent with the results presented here. This leads to the question of whether
the threshold in the absence of higher order mode seeding shown in Figure 12(c) should have been roughly the same as
in its presence. The answer to this question requires consideration of the particular characteristics of numerical noise as
related to the hybrid azimuthal field expansion. Since the higher azimuthal terms are identically zero for the
fundamental mode, multiplication by zero in the beam propagation may retain higher precision leading to the observed
higher threshold.

Gain curves for STRS in large mode area fibers have been published [11,12] and the STRS gain peak for this particular
fiber has independently been determined to be near -550 Hz [13]. The peaks in the output spectra for all of the amplifier
configurations examined here all fall near this value. It was found to be of the utmost importance to allow at least 90
milliseconds from the beginning of the simulations for transients to decay before calculating the output spectra. These
results suggest that STRS amplification of included noise or numerical noise is responsible for the observed modal
instability. These limited results do not preclude other mechanisms for other types of fibers. There may remain different
operating regimes in which alternate instability mechanisms operate. These results do support the view that reducing the
STRS gain should be an effective way of raising the instability threshold of fiber amplifiers.
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