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Single-pass amplification using rod-type fibers has become a common route to pulsed laser sources around
1030 nm with high average and peak power. Average-power scaling is currently limited by the dynamic thermooptic phenomenon of “transverse mode instability.” In comparison, double-pass amplifier configurations have
not been extensively studied. Recent theoretical and experimental work has shown both static and dynamic mode
degradation phenomena, including an unexpected nonlinear polarization rotation effect. Here we present new
results obtained with a modified setup using polarization filtering between the first and the second pass. We obtain
up to 113 W output power, i.e., more than 40 dB of amplification from a single amplifier module seeded by 10 mW
of 20 ps/20 MHz/1030 nm pulses. We observe excellent beam quality and polarization extinction ratio. Finally, we
investigate a wide range of seed powers and report a strong increase in the static mode deformation threshold with
decreasing seed power. The experimental results are corroborated by numerical simulations. © 2020 Optical Society
of America
https://doi.org/10.1364/JOSAB.381433

1. INTRODUCTION
Amplifier systems using Yb-doped fiber with large cores have
become a standard method to produce high-power infrared
sources with high average-power levels and extreme pulse properties in terms of, e.g., duration and peak power [1–3]. The
actual limitation for scaling of average power in a single-pass
amplification module, despite many studies on comprehension and mitigation, remains the so-called transverse mode
instability (TMI) [3–14], a low-frequency dynamic instability
phenomenon. In contrast, only a few studies on the doublepass configuration at high average-power levels have appeared
[15–18]. According to these publications, two instability
phenomena are found to occur in dual-pass rod-type fiber
amplifiers: static mode degradation (SMD) and dynamical
TMI. Both are thought to consist of coupling between modes
(spatial and/or polarization) through a thermo-optic nonlinear
grating induced by the beating between these modes. More
precisely, theoretical considerations suggest that SMD is due
to scattering between co-propagating modes on thermo-optic
index gratings set up by the counter-propagating modes [15].
On the other hand, TMI is commonly believed to be due to
scattering between co-propagative modes and a grating set up
by the same co-propagative modes [6,9,11,12]. The fundamental difference between SMD and TMI is that TMI requires
a specific frequency down-shift between coupled modes, and
SMD does not. Because of this down-shift, TMI must be seeded
0740-3224/20/020451-08 Journal © 2020 Optical Society of America

by technical or shot noise [10,19–21], whereas SMD may be
seeded from the part of the signal inadvertently coupled into
higher-order modes (HOMs). Because of these different origins,
TMI is dynamic (0–5 kHz), while SMD is static. A more precise
description of SMD can be found in recent theoretical [15] and
experimental publications [17].
In the case of single-pass, the TMI threshold can be defined
as the onset of a temporal fluctuation measured at the center of
the beam [22] or as rapid degradation of M 2 [5]. In this case, the
output power continues to increase into the unstable regime.
In the particular case of dual-pass, the output power peaks and
then decreases with pump power along with the gradual increase
in SMD, and dynamic TMI has been found to set in as pump
power is increased beyond the signal power maximum [17].
In double-pass amplifier setups, a Faraday rotator is used to
turn the signal polarization 90◦ between the first and second
passes, which means that a linearly polarized input will emerge
in the orthogonal linear polarization state after the two passes,
irrespective of intended or unintended birefringence in the
amplifier. Input and output signals can then be separated by a
polarizing beam splitter (PBS). In previous work [17], we found
that the onset of SMD was characterized by an unexpected
polarization change, with part of the optical power emerging
from the double-pass amplifier in the polarization state rejected
by the final PBS. While it is known that a linear polarization
input to the LP11 modes of a fiber will rotate due to the vectorial
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nature of the true eigenmodes, this polarization should also in
principle be undone by the Faraday rotation. This is, however,
not the case if light is coupled into the HOM during the passage
through the amplifier, e.g., by thermo-optic mode coupling.
Still, the phenomenon is somewhat unexpected, because the
splitting between vectorial modes in the LP11 multiplet in
a step-index fiber with a large core size is extremely low, and
a noticeable polarization rotation would not be expected in
amplifier lengths on the order of 1–2 m. Alternatively, one may
speculate that the polarization change comes about in some of
the optical components external to the amplifier, i.e., Faraday
mirror, lenses, PBS, etc., due to deformations occurring in
high-power operation. One purpose of the present work is to
elucidate this question by inserting a polarization filter between
the first and second passes of the amplifier, and varying the beam
spot size on the feedback components to distinguish thermal or
intensity-dependent effects.
A key feature of double-pass amplifiers is the possibility to
obtain very high gains. Since the gain of a single-pass power
amplifier is typically in the range of 10–20 dB, gains of 20–
40 dB should be possible in a double-pass configuration. A gain
approaching 40 dB would allow amplification from a low-power
seed oscillator to ∼100 W power levels only in the doublepass stage, which makes for a simple and compact laser system
with a relative low cost. Thus, it is of high interest to study the
dependency of the SMD threshold on gain, and in particular,
the behavior in high-gain configurations. In this paper, we investigate this question by varying the seed power over two orders of
magnitude, from 10 mW to 1 W.
Remarkably, the results presented in this work show that
the SMD threshold is maximal in the case of a high amplifier
gain. Furthermore, it is demonstrated that the polarization
rotation effect observed is in all likelihood caused by polarization rotation in the fiber itself. The addition of intermediate
polarization filtering in fact appears to have decreased the SMD
threshold for a given seed power compared to our previous work.
These experimental findings are corroborated by theory and
simulation studies.
Experimentally, we obtain up to 113 W output power, i.e.,
more than 40 dB of amplification when seeded with 10 mW
of 20 ps/20 MHz/1030 nm pulses. We observe excellent
beam quality and polarization extinction ratio (PER). TMI is
observed right above this maximum power of 113 W. Seeding
with higher powers is found to decrease both the maximal
extractable signal power and the threshold for onset of SMD.
Simulation studies indicate that this trend is related to the efficient gain suppression of HOMs in the microstructured rod
amplifier used for the experiments. These findings suggest that
the primary application potential for large-core double-pass
amplifiers is as high-gain amplifier modules at average output
power levels of ∼100 W.
The rest of this paper is structured as follows. In Section 2,
the experimental setup for dual-pass amplification is described,
highlighting the difference between this setup and the one
used in our previous work. In Section 3, experimental results
for SMD and TMI with 10 mW seed are presented, and in
Section 4, results for SMD with higher seed powers are shown.
Then, in Section 5, finite-element simulations of the amplifier’s
modal properties and simulations of static thermo-optic mode
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coupling for different input seed powers are presented and
discussed. Section 6 summarizes our conclusions.
2. EXPERIMENTAL SETUP
Figure 1 describes the experimental setup used to perform dualpass amplification experiments. The seed laser is a commercially
available aeroPULSE laser with a mode-locked source emitting
up to 10 W of 20 ps pulses at a repetition rate of 20 MHz and at a
central wavelength of 1030 nm. The seed is operated at 5 W. An
isolator protects the seed laser, and a telescope is used to filter any
HOM content (in forward and backward propagation). A first
PBS is used to collect and analyze the backward-propagating
power. The seed is fully transmitted by this PBS. Then the seed
is injected into a rod-type fiber by two mirrors, a half-wave plate,
a PBS, a second half-wave plate, a long-pass dichroic mirror,
and a 60 mm lens. The two mirrors and the lens are used for
the alignment procedure, and the long-pass dichroic mirror is
used in order to remove non-absorbed pump power. The second
PBS is also used as the main output, the first half-wave plate sets
the seed transmission through the second PBS, and the second
half-wave plate is used to minimize backward-propagating
power. The rod-type fiber is an aeroGAIN-ROD-PM85 (NKT
Photonics) based on distributed mode filter design [23]; it has
a core diameter of 85 µm, a pump cladding of 260 µm with 0.6
NA, and a length of 80 cm. Both ends are protected by antireflection-coated end caps. Thermal management is provided
by water-cooling along the rod. After the rod, a 20 mm lens is
used to collimate the output and focus the pump light, while a
short-pass dichroic mirror separates the pump and the signal.
Then two lenses (−25 mm and +50 mm), a Faraday rotator,
a half-wave plate, a third PBS, a −50 mm lens, and a concave
mirror provide the feedback. The Faraday rotator turns the
polarization by 2 × 45◦ for all polarizations, and the half-wave
plate and the third PBS select one of these polarizations. The
backward-propagating signal is re-amplified a second time by
the rod and finally separated by the first PBS, the second PBS,
and the isolator’s outputs.
There are two outputs: the main and the discarded, respectively, from the second and the first PBS. The light rejected by
the isolator is not analyzed. Power and beam profile measurements are performed on the two outputs. A 250 W power meter
(Ophir-FL250A) is used on the main output, and a 3 W power
meter (Ophir-PD300R-3W) is used on the discard output.
Imaging of the rod output is performed with a camera (SpiriconSP300). The measurements presented are performed with
seed power spanning from 10 to 1000 mW (after the second
PBS), a repetition rate of 20 MHz, and pump power between 0
and 300 W.
The differences in this setup compared to that used in [17]
are as follows. A telescope is used to protect the seed. The nonpolarizing beamsplitter (N-PBS) is replaced by the first PBS.
The pump source is changed. A short-pass dichroic mirror is
used to separate the pump and signal on the feedback instead
of a long-pass dichroic mirror, as in the previous work. The
telescope on the feedback previously had −50 and +100 mm
lenses, and now it has −25 and +50 mm lenses. These changes
are practical, and we do not expect them to affect the results.
The main difference from the previous setup is the addition
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Experimental setup for dual-pass amplification. PBS, polarizing beam splitter; Dic, dichroic mirror.

of a half-wave plate and a third PBS to the feedback. Finally,
the feedback mirror is replaced by a convex lens and a concave
mirror.
In order to investigate whether power-dependent changes in
the optical feedback components affected system performance,
we also performed measurements with/without the second
telescope and with a plane mirror and a concave lens instead
of a convex lens and a concave mirror. In these four combinations, the beam surface area changes by a factor of four on the
third PBS and the Faraday rotator, and by a factor of 10,000
on the mirror. Similar results were found in these four combinations, which makes it unlikely that nonlinear effects in the
feedback components play any significant role in explaining the
observed system behaviors. Finally, we confirmed the results
with several different rods of the same kind and observed similar results. Therefore, we can exclude any degradation such as
photo-darkening.
3. RESULTS WITH LOW SEED
Figure 2 shows main and discarded powers as a function of
pump power for 10 mW input seed power. The main power
grows linearly with pump power up to a maximum at 113 W
output for 264 W pump power. After this maximum, the output
power decreases. In the meantime, the discarded power slowly
increases up to 2.7 W at 264 W pump, close to maximal power,
followed by a more rapid increase up to 4.5 W at 268 W pump.
At threshold, the amplifier module delivers 40 dB of gain with
an internal PER of 16 dB and an efficiency of 43%.

Fig. 2. Main (blue solid circle) and discarded (red solid circle) powers as function of pump power at 10 mW input seed power.

Fig. 3.

Power spectra for several pump powers and 10 mW seed.

Dynamical spatial fluctuations (TMI) in single-pass amplifiers are typically quantified by measuring a time series of the
power in a small part of the beam, e.g., by pinhole detection.
A convenient alternative in the double-pass setup is to measure power fluctuations in the full beam on the discard output,
which, as shown below, is primarily in HOMs. The time series
can be Fourier transformed to obtain a spectrum of the power
fluctuations. Figure 3 shows such power spectra for several
values of the pump power at 10 mW seed, obtained by fast
detection with a photo-diode. The spectra are plotted from 0
to 1 KHz, where the first resonances of TMI are found to occur
for the dual-pass system [17]. At 257 W pump and below, there
is no trace of dynamic behavior and therefore no trace of TMI.
Then TMI appears at 265 W pump with a frequency “peak”
at 180 Hz followed by few resonances. Measurement are performed up to 5 kHz, and we see background noise only above
1 kHz for these pump and seed powers. We note here that while
the TMI observed in Fig. 3 is clearly above the noise floor of the
measurements, it is still significantly below the levels commonly
adopted for defining TMI thresholds in single-pass fibers.
Since TMI in the double-pass amplifier is preceded by a power
maximum and static beam deformations, it is not of interest to
establish a more quantitative definition of TMI threshold in
this case.
Figure 4 shows selected images of the main and the discarded
output for different pump powers. Images (a)–(c) are the main
outputs for 67, 183, and 265 W pump corresponding to 18, 72,
and 112 W outputs. The main beam exhibits a nearly Gaussian
shape for all pump powers. Images (d)–(f ) are the discarded
beam profiles for the same pump powers and 110 mW, 760 mW,
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Fig. 4. Selected images of the main and discarded outputs obtained
from 10 mW seed. (a) Main output 18 W from 67 W pump. (b) Main
output 72 W from 183 W pump. (c) Main output 112 W from 265 W
pump. (d) Discarded output 110 mW from 67 W pump. (e) Discarded
output 760 mW from 183 W pump. (f ) Discarded output 3 W from
265 W pump. The white circle is a 90 µm aperture. All images have the
same scale.

and 3 W discarded powers, respectively. The discarded beam
appears like a mixture of fundamental and LP11 -like modes,
evidencing the presence of these two modes on the discarded
polarization.
Images (a), (b), (d), and (e) are below the SMD threshold,
while (c) and (f ) are above threshold. At this low seed power,
there is no qualitative difference in images below and above
threshold except for a little “flickering” in image (f ).
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Fig. 6. Maximum power (blue solid circle) and gain (red solid circle)
achievable as function of input power in lin–log scale. Dashed red line
is logarithmic fit for maximum gain. Blacks dots: previous work [17].

Fig. 7. Discarded power as function of pump power for various
input powers. Maximum gain (Mg) is indicated for each seed power.

4. RESULTS WITH HIGHER SEED
Figure 5 shows the main power as a function of pump power for
seed power spanning from 10 to 1000 mW.
For all input seed powers, the main output power increases
with pump power up to a maximum, then it decreases upon
further increase in pump power. This behavior corresponds to
our previous observations (Fig. 2 and [17]) in which the signal
power maximum was found to correlate with the onset of TMI
at a magnitude noticeable in the power spectra of the discarded
signal. The maximum output power depends on the input seed
power—the lower the input the higher the output. The 44%
efficiency is relatively low, but this is due to our pump source,

Fig. 5. Main power as function of pump power for various input
powers. Maximum gain (Mg) is indicated for each seed power.

which is optimized for higher power, meaning that the pump
wavelength is slightly detuned from the Yb3+ absorption peak at
the power levels utilized in this work.
Figure 6 shows maximum achievable power and gain as a
function of pump power for seed power spanning from 10 to
1000 mW. The two black dots correspond to our previous work
on dual-pass amplification [17].
Maximum gain values are fitted with a logarithmic law.
This dependency follows trivially if one assumes a constant
(pump-power-limited) output power. In fact, the maximum
power varies with seed power, but only by a factor of ∼2.5 for
a seed variation over two orders of magnitude. Therefore, the
logarithmic fit is quite good. The maximum power variation is
bumpy, and cannot be convincingly fitted by a simple function
such as a logarithmic or power-law dependence. At this point,
we do not have a quantitative theory to explain these variations.
At 300 mW seed power, maximum output power is lower by a
factor of 2.4 than in our previous work [17]. Since no nonlinear
perturbations on the optical components in the feedback loop
were established when changing the optical setup, as discussed
in Section 3, this reduction factor is likely due to an increased
intermodal coupling from the additional PBS.
Figure 7 shows discarded power as a function of pump power
for 10 mW in red, 100 mW in orange, and 300 mW in black.
For discarded power, two different cases occur. The first one,
represented by 10 and 300 mW in Fig. 7, is a soft and monotonic
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increase in discarded power up to the signal power maximum
where discarded power increases suddenly. This first behavior is
quite similar to our previous observations [17], even if the discarded powers below the maximum are relatively low and stable
compared to the exponential-like behavior in [17]. The second
one is the particular case of 100 mW seed. In that case, discarded
power grows before the signal power maximum is reached, up to
4 W discarded power, then falls back to ∼100 mW and finally
increases again after the maximum. These different behaviors
may be due to the multistable nature of the double-pass amplifier system in certain regimes, suggested by the numerical results
presented in the next section as well as in [15]. An alternative
explanation could be that the HOM light goes through a full
polarization rotation so that the discarded power is accidentally
very low at one measurement point.
5. NUMERICAL RESULTS AND DISCUSSION
A. Nonlinear Coupled-Mode Model

In single-pass TMI models, gain saturation has been found to
increase the TMI threshold [24,25], so the present experimental
finding of a strong threshold increase upon seed power reduction may seem surprising, since reduction in seed power also
reduces gain saturation. Therefore, it is of interest to investigate
whether current models of double-pass instabilities can provide
some insight into the underlying mechanisms. In this section,
the experimental results will be simulated using the model
presented in [15]. It should be stressed from the outset that this
model does not fully describe the experimental situation and
cannot be expected to provide quantitatively accurate results. In
particular, the model does not account for the cross-polarization
couplings that are clearly observed in experiments, and it is
based on a coupled-mode expansion into one LP01 and one LP11
mode calculated for a step-index fiber, whereas especially the
HOM in the actual rod amplifier has a much more complex
structure. Furthermore, the model does not account for thermooptic modifications of the modal profiles, and it ignores all
dynamical effects. Due to the moderate levels of power extraction, thermal mode deformations are not expected to be large,
and dynamical effects are found to set in after the appearance
of static deformations, so these latter caveats are maybe less
important. The model does include gain saturation effects in a
first-order expansion [25], and with a detailed account of the 2D
spatial hole-burning profile.
To understand the results of the model, it is important to
note that the double-pass problem is qualitatively different
from the single-pass case. Single-pass amplification is a straightforward propagation problem, where (in the coupled-mode
picture) a set of first-order differential equations connect a given
input state (pump and seed powers, seed modal distribution)
to a well-defined output state, possibly with random noise if
temporal dynamics is considered. The double-pass amplifier,
on the other hand, is more like a nonlinear boundary value
problem, due to the nonlinear thermo-optic coupling between
forward- and backward-propagating signals. With given values
for pump power and signal amplitudes for both forward- and
backward-propagating modes at the input/output end, integration of first-order nonlinear coupled mode equations can
determine the corresponding amplitudes at the reflection end.
However, only the forward-propagating (input) amplitudes are
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Fig. 8. Higher-order mode fractions as function of pump power
for all solutions identified with seed powers of 1 W (black circles),
100 mW (red squares), 30 mW (green diamonds), and 10 mW (blue
triangles).

known. The backward-propagating (output) amplitudes must
be determined to satisfy a specified relation between forwardand backward-propagating amplitudes at the reflection end.
Such a problem can have several solutions for a given set of
input amplitudes, and it is a non-trivial task to map out these
solutions. In the calculations shown here, a Newton–Raphson
steepest-descent approach was used to solve for the output
amplitudes, starting from an initial guess typically obtained
from a previous calculation with slightly different parameters
(more details can be found in [15]). Typically, the pump power
is stepped up or down, but in some cases, it is also necessary to
make incremental steps in the seed power level, in particular
to obtain states with significant HOM content when the seed
power is low.
In the simulations, a double-clad step-index fiber with a core
radius of 40 µm, inner cladding radius of 130 µm, and a smallsignal absorption of 300 dB/m for core pumping at 976 nm is
used. The fiber length is set to 80 cm to mimic the experiments.
The core V -parameter is taken to be 2.7, which gives core overlap fractions of 0.87 and 0.52 for the LP01 and LP11 modes,
respectively. In a numerical model of the aeroGAIN-RODPM85 structure (see Section 5.B), the corresponding overlaps
are 0.84 for the fundamental mode and 0.38–0.43 for the various vectorial modes in the LP11 multiplet. The LP11 overlaps
are somewhat sensitive to the exact core index of the amplifier,
which is hard to characterize experimentally, but most likely,
gain suppression of these modes is better in the experimental
rod than in the model. As will be shown, the presence of a strong
gain suppression is important to understand the behavior of the
SMD threshold with seed power. A 1% HOM fraction in the
input signal was assumed in all calculations. Perfect reflection of
both modes at the reflection end of the amplifier was assumed,
as we have no immediate way of estimating reflection coupling
coefficients, a simplification that may significantly impact the
quantitative results obtained.
Figure 8 shows the fraction of power in the LP11 mode, subsequently denoted “HOM fraction,” as a function of pump
power for all solutions identified with four different seed power
levels. At a seed level of 1 W, a continuous evolution from low to
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Fig. 9. Simulated LP01 signal power (black squares) and amplifier
efficiency (red circles) at SMD threshold versus seed power.

high HOM fraction is observed as the pump power is increased,
whereas at the same time, another low-HOM solution appears.
However, for a seed level of 100 mW, there is a discontinuous
jump between states with low and high HOM fractions. When
further reducing the seed power to 30 or 10 mW, a continuous
low-HOM state was found across the range of pump powers
investigated, but high-HOM states could also be identified
above a certain threshold, which increased with decreasing seed
power. It should be noted here that we did observe bi-stable
behavior experimentally, and it was particularly clear for the
higher seed powers. The system can be swapped between states
with widely different levels of discarded power by changing the
position of the −50 mm lens.
The maximal LP01 signal power obtained before onset of
mode deformation at a seed power of 1 W was 31 W. With
increasing pump power, the total signal power kept increasing,
but only due to the LP11 component. The appearance of a power
maximum in the experiments must therefore be ascribed to
polarization rotation in the LP11 -like modes, which drains a part
of the LP11 power from the output port.
In Fig. 9, the power in the fundamental mode at the SMD
threshold is plotted as a function of seed power. For the 1 W
seed, the SMD threshold is defined by the power maximum in
the LP01 signal mode described above. For the lower seeds, it is
defined as the power in the LP01 mode in the solution with low
HOM content at the lowest power level for which the second
solution with high HOM content can be identified in the simulations. Clearly, the simulations predict a strong increase in the
threshold signal power with decreasing seed power, in qualitative agreement with the experiments. It is noteworthy that the
simulations reproduce the experimental trend in spite of the fact
that it includes gain saturation effects that tend to pull in the
opposite direction.
The downside to reducing seed power is a reduced efficiency,
because the corresponding high amplifier gain necessitates a
strong population inversion, and thus reduced pump absorption. The efficiency, defined as LP01 signal power at threshold
divided by pump power is shown by the red curve in Fig. 9.
In this connection, it should be noted that the pump wavelength in the simulation was fixed at the Yb absorption peak of
976 nm, i.e., the thermal drift of the pump wavelength present

Fig. 10. Power distribution of forward- and backward-propagating
signal modes along the length of the rod. Top: 1 W seed, 48 W pump
power. Bottom: 10 mW seed, 145 W pump power.

in the experiments was not taken into account. Since the pump
wavelength in the experiment gets closer to the optimum value
with increasing pump power, i.e., for lower seeds, this effect
counteracts the expected decrease in efficiency from reduced
pump absorption. As a result, the experimental efficiency
stays relatively constant around 44%, as evidenced in Fig. 5.
It should be noted that both the experimental and numerical
efficiency figures are system specific and can straightforwardly
be improved without sacrificing total gain by optimizing the
pump wavelength, increasing the rod length, and/or improving pump absorption by stronger core doping or an increased
core/cladding area ratio.
To extract some physical insight from the model, Fig. 10
shows the power distribution of forward- and backwardpropagating signal modes along the length of the rod. Two cases
are illustrated, and both have a final HOM fraction of ∼0.31.
In the first case, the seed power is 1 W, and the pump power is
48 W, whereas in the second case, the seed power is 10 mW, and
the pump power is 145 W. The thermo-optic mode coupling
between co-propagating LP01 and LP11 modes can be understood as scattering by thermo-optic long-period gratings arising
from the beating patterns between the modes through the
thermo-optic effect [5,6]. Now, in single-pass TMI models, it is
established that the static grating set up by two co-propagating
modes will have a phase relative to the modes that precludes
power transfer into the HOM [6]; hence, single-pass TMI can
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Fig. 11. Left: simulated quarter-structure of the aeroGAIN-ROD-PM85 amplifier. Small circles are airholes, larger circles are Ge-doped regions,
and the hexagonal shape in the core region denotes the doped core. Right: intensity (color) and field (arrows) profiles of TE01 , HE21 , and TM01 modes
in the core region.

be understood only in dynamic models. However, in a doublepass amplifier, efficient intermodal scattering may arise from the
grating induced by beating between the two counter-propagating
modes. The strongest grating is induced by the backwardpropagating modes close to the input/output end, which carry
the strongest signal power. Therefore, as clearly seen in Fig. 10,
the power transfer between LP01 and LP11 happens mostly
in the forward-propagating modes close to the input/output
end. Subsequently, a suppression of the LP11 mode is observed,
which is due to the lower core overlap of this mode and the
resulting differential gain. As one can also see in the figure, the
effect of a differential gain is much more severe when the total
gain is higher, i.e., for low seed power. The ratio between LP11
and LP01 power at the reflection end is ∼3 : 4 for the case of
1 W seed power, but ∼3 : 1 for a 10 mW seed, although both
solutions have ∼1 : 2 ratio upon output. Further simulations
(not shown) indicated that indeed the increase in threshold with
decreasing seed power became less pronounced (although still
present) when the V -parameter was increased to 3.0, and the
differential gain between the modes thereby reduced. These
findings suggest that HOM suppression by differential gain
is particularly important in double-pass amplification due to
the fact that most of the nonlinear mode coupling happens
while the signal power is low, whereas in single-pass TMI, the
strongest mode coupling appears close to the output where the
signal power is high. Since the experimental rod most likely has
better gain suppression than the step-index fiber described by
the coupled-mode model, this could at least partly explain the
higher SMD threshold observed in the experiments.
B. Origin of Polarization Rotation

A final outstanding issue is the origin of the nonlinear polarization rotations. The clear and consistent observation of this
effect across the different optical setups used in this paper as well
as [17] strongly suggests that the polarization change originates
in the rod amplifier itself. A plausible model could be that linearly polarized light scattered into an LP11 -like HOM would
undergo polarization rotation because the true eigenmodes of
the waveguide are not LP modes but vector modes. Because the
mode conversion happens along the fiber, the Faraday mirror

will not necessarily undo it. On the other hand, in a step-index
fiber model, the beat lengths of different vector modes in the
LP11 multiplet are on the order of a kilometer for a core diameter
of 85 µm, much too long for this explanation to be valid in a
rod of 0.8 m length, even with two passes. The question is then
whether the beat length of these vector modes is significantly
shorter in the actual microstructured fiber.
To answer this question, finite-element simulations using
the COMSOL Multiphysics tool were performed on a full
structural model of the aeroGAIN-ROD-PM85 amplifier.
Guided vector modes of TE01 , TM01 , and HE21 character were
found, with core overlaps between 0.38 and 0.43 as mentioned
above. The simulations did not consider any thermal load on the
rod, but we expect the thermal lensing effects on guided-mode
properties to be limited at the power levels reached in this work.
Figure 11 shows the structural model and the mode profiles of
the HOMs. The effective-index difference at a wavelength of
1.03 µm between TE01 and HE21 is 4.7 · 10−7 , and between
HE21 and TM01 , it is 6.0 · 10−7 . The corresponding beat
lengths are 2.2 and 1.7 m, respectively. Therefore, significant
polarization rotation may occur in our propagation length of
1.6 m. In fact, almost full rotation seems possible, which could
explain the complicated and non-monotonous behavior of
discarded power versus pump power for some of the seed levels
shown in Fig. 7.
Polarization rotation effects are usually not reported in singlepass TMI. We believe this is because the majority of the LP11
power seen on output is actually coupled into the LP11 multiplet
close to the end of the amplifier in the single-pass case, due to
the rapid exponential growth of HOM power with distance
in this case. On the other hand, as discussed in the previous
subsection, in the double-pass case, most intermodal scattering
occurs early in the first pass of the amplifier, and so there is room
for polarization rotation to take effect.
6. CONCLUSION
In conclusion, we have investigated an alternative setup for
dual-pass amplification using a rod-type fiber. The main difference from our previous work consists of a polarization filtering
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between the first and the second pass. This additional component decreases the global performance of the amplifier. The
most important change is an unwanted reduction by a factor of
2.4 in the maximal signal output power for 300 mW input seed
power (see Fig. 6). In line with our previous work, we find this
maximum power to coincide with the TMI threshold. However,
sweeping the seed power, we find that the TMI and SMD
thresholds increase with decreasing seed power. At a seed power
of 10 mW, we obtain 113 W output, corresponding to a gain of
more than 40 dB. This is the highest value of gain reported for a
rod-type amplifier module (to the best of our knowledge).
In addition, we report a logarithmic behavior between maximum gain and input seed power (Fig. 6), a mitigation of SMD
(Fig. 7), and a “strong” static degradation below threshold for
100 mW input seed (Fig. 7). Each of these points is important
for the future understanding of these phenomena. Simulations
using a currently established model indicate that the threshold increase with seed power decreasing is due to an increased
impact of differential gain, which seems particularly important
in double-pass amplifiers because the strongest nonlinear mode
coupling occurs on the input side where the signal power is
low. Simulations of higher-order vector modes using an accurate finite-element tool show that the observed polarization
rotations occurring in the double-pass setup may be explained
by polarization rotation in the modes of the LP11 multiplet,
since the vector modes have beat lengths on the order of 2 m
among each other. At the same time, our consistent observation
of the polarization rotation in different optical configurations
makes it unlikely that the effect should originate in intensitydependent deformations of components external to the
rod amplifier.
From an application point of view, this source produce
100 W of 20 ps pulses at 1030 nm with a repetition rate of
20 MHz, nearly Gaussian beam, and a PER of 33 dB (limited
by the output PBS). For perspective, such a double-pass setup
might be used to directly amplify low-power fiber-based seed
oscillators to ∼100 W output, and this could be of great interest
for making compact chirped pulse amplification (CPA) sources
with a reduced number of amplifier stages.
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