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In this study, a method of stabilizing the output beam of a large-mode-area fiber
amplifier operating above the mode instability threshold is demonstrated. A mode
control system based on the photonic lantern is used to excite dynamic mode
beatings as the seeding stage of a 42/250 µm Yb-doped fiber amplifier. We
propose a theoretical explanation for the validity of this method: provided that
the mode interference patterns generated by input mode beatings are
antisymmetric to those in the main amplifier caused by thermally induced
non-linear effects, the refractive index grating will not be formed to indicate
the onset of mode instability. Experimentally, significant mode stability and beam
quality improvement have been achieved in this system at power levels of up to
nearly four times the mode instabilities threshold.
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1 Introduction

High-power fiber lasers and amplifiers are needed in numerous applications, such as
gravitational wave detection [1], coherent lidar systems [2], space optical communication
[3], and high-energy industrial manufacturing [4]. Driven by these applications, the
demands on power scaling implicitly lead to multimode operation in which the non-
linear effects can be mitigated with the increase in the mode-field diameters [5]. However,
the onset of transverse mode instability (TMI) leads to significant power transfer from the
fundamental mode (FM) to higher-order modes (HOMs) as soon as the large-mode-area
(LMA) system characteristic threshold power has been reached [6]. Since the first
observation of TMI, significant effort has been made to provide theoretical explanations
and mitigation strategies for TMI [7]. One widely accepted theoretical explanation is that
there are two conditions necessary to lead to TMI: the appearance of a (thermally induced)
refractive index grating (RIG) written by the mode interference pattern (MIP) and a phase
shift between them [8]. Thus, TMI mitigation strategies have been proposed aiming at
reducing the strength of the RIG or manipulating the phase shift, such as designing special
structure fiber [9–11], shifting pump wavelength [12], optimizing the fiber coiling methods
[13], suppressing the noise property [14], and using gain-tailoring techniques [15].
Nevertheless, the aforementioned strategies have strict requirements for the active fiber
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or the structure of the amplifier. The Jena group used pump
modulation to mitigate TMI in rode-type fiber-assisted amplifiers
[16]. This method requires that the pump source can be modulated
with kHz bandwidth, which increases the cost of the pump sources
and power drivers and thus limits the application range. In 2013,
Otto first proposed and verified that the formation of RIG could be
damaged by actively controlling high-order mode excitation [17]. By
using an acousto-optic deflector and the lens, the signal beam was
injected into two symmetrical positions above and below the
centerline of the main amplifier fiber. However, due to the
introduction of the space optical path, the system structure was
complicated and the stability was poor. In 2016, an all-fiber-based
adaptive optics system based on the photonic lantern [18] was
demonstrated. By splicing the output of the photonic lantern
with the pump-signal combiner, 1 kW output in multimode fiber
(MMF) with a 25 µm core diameter was realized [19]. In the
previously reported work, the number of photonic lantern
channels is very small and the controllable size of output fiber
core diameter (just 25 µm) and the number of modes (just three) are
limited. In addition, no beam quality data are provided to evaluate
the control effect. In order to meet the application requirements of
fiber laser with higher power and better beam quality, it is urgent to
analyze the feasibility and scalability of the photonic-lantern-based
mode control system.

In this work, we present a method of mitigating TMI using the
photonic lantern [20] on the seeding stage of a common step-index
active-fiber-assisted amplifier with a 42-µm-core-diameter output
fiber. A mode control system [21] is set up to excite appropriate
mode-beating seeds by actively modulating the input phase of a 5 ×

1 photonic lantern according to the signal fed back from the
detector at the output end. These mode beatings (formed by up
to five different modes) can be dynamic and switched quickly
enough to form the MIPs, which can counteract the MIPs in active
fiber caused by thermally induced non-linear effects. As a result,
the stable beam profile and beam quality improvement are
experimentally achieved in a 42/250 µm Yb-doped fiber (YDF)
amplifier at power levels of up to nearly four times the threshold of
mode instabilities.

2 Materials and methods

The schematic of the experimental setup is depicted in
Figure 1. The seed source is a linearly polarized fiber laser
with a center wavelength of 1,064 nm. The beam is split into
five channels with phase modulators, commercial pre-amplifiers,
isolators, and band-pass filters (fiber type in the end of the
aforementioned devices: 10/125 μm, NA = 0.075). A circulator
is inserted in one of the channels to detect the backward-
propagating laser. All aforementioned components are
operated in single mode. The photonic lantern is placed,
which works as a linear optical device that converts the beam
from a group of single-mode fibers (SMFs) to an MMF. As shown
in Figure 1, the 5 × 1 photonic lantern consists of a tapered SMF
bundle (10/130 μm, NA = 0.08) inside a low-index tube and an
MMF fiber (30/130 μm, NA = 0.065). The detailed fabrication
process and performance test of the photonic lantern can be
found in [21]. The output fiber of the photonic lantern is spliced

FIGURE 1
Schematic of the experimental setup and the 5 × 1 photonic lantern. A: Source, B: splitter, C: phase modulators, D: pre-amplifiers, E: isolators, F:
circular, G: band-pass filters, H: photonic lantern, I: 976 nm LDs, J: pump and signal combiner, K: Yb-doped fiber (42/250 µm), L: quartz block holder, M:
beam splitter, N: lens, O: CCD, P1 and P2: detectors, Q: controller, R: five single-mode fibers (10/130 µm), S: capillary tube, and T: multi-mode fiber (30/
130 µm).
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with the signal input port (30/130 µm) of the (6 + 1) × 1 pump
and signal combiner. A total of six 976-nm LDs are combined to
pump the 1.5-m-long YDF (42/250 μm, NA = 0.075) via this
combiner with a 30/250 µm output port. The pump absorption
coefficient of the YDF is approximately 21 dB/m @ 976 nm. The
detailed segmented splicing scheme can be found in [22]. Finally,
the collimated laser is output through a quartz block holder
(QBH). CCD is used to collect near-field information in real-
time, while the detector with pinhole is used to provide the
controller with the power in bucket (PIB) as an evaluation
function. The stochastic parallel gradient descent (SPGD)
algorithm is chosen to drive the phase modulation in the
controller. A detailed description of the effectiveness of the
SPGD algorithm in the mode control system can be found in [23].

The main idea behind our mitigation strategy is exciting
appropriate mode beatings as the seed of the main amplifier
to counteract the MIP in the active fiber and wash out the
thermally induced refractive index grating. LMA fiber
generally supports the propagation of more than one
transverse mode due to current technological limitations in
the fabrication process and the disturbance of the external
environment. These modes will propagate along the fiber with
different phase velocities. Thus, the mode beatings of FMs and
HOMs have appeared. We use the beam propagation method
(BPM) to calculate the MIP created by these mode beatings in
LMA fiber. For the optical field generated by the linearly
polarized fiber, the linearly polarized (LP) modes are proposed
which are a set of orthogonal complete bases of the light field in
this system. Figure 2 shows the excitation beam profiles and
interference patterns along the propagation of different LP mode
beatings are as follows: (A) LP01 and LP11o with equal amplitudes
and zero phase difference; (B) LP01 and LP11o with equal
amplitudes and π/2 phase difference; (C) LP01 and LP21o with
equal amplitudes and zero phase difference; and (D) LP01 and
LP11o with an amplitude ratio of 9:1 and zero phase difference.
Black arrows indicate the propagation direction of the beam in
the fiber. The comparison of Figures 2A, B shows that when the
mode components and contents remain unchanged, the phase
difference between them can only shift MIP. The comparison of
Figures 2A, C shows that when the mode components
participating in mode beating change, both the pattern and
beating frequency of MIP will change. The comparison of
Figures 2A, D shows that when the components participating
in mode beating remain unchanged but the mode contents are
different, the MIP pattern will change but the beating frequency
will remain the same. Therefore, in high-power systems, mode
components, contents, and phase differences will all affect the
distribution of MIP along the propagation direction, changing
the formation of thermally induced RIG. Our aim is to excite a
particular mode beating whose MIP is exactly antisymmetric to
the MIP formed in the main amplifier caused by fiber process
defects and environmental disturbances. In addition, the right
mode beating needs to be generated dynamically and quickly
enough that the heat load does not have enough time to
completely mimic the alternating interference patterns. This
way, thermally induced RIG is washed out in a kind of
instable equilibrium. The adaptive control system based on the
photonic lantern just meets the aforementioned mode control
requirements.

The photonic lantern is an all-fiber-based linear optical
element that allows for a low-loss mode evolution from a
bundle of tapered SMFs into an MMF. If the taper region is
long enough, the photonic lantern can be regarded as an adiabatic
mode converter, and there will be one-to-one correspondence
between the input and output fields. This characteristic makes
photonic lanterns well applied in the mode control system. In
order to lock the desired output, the idea of adaptive optics (AO)
technology is used. In order to get the desired output light field, it
is necessary to actively modulate the properties of the input field
and detect the evaluation function at the output end in real time,
aiming at making it converge to the optimal value. In simulation,
the active modulation object is the phase of each input channel

FIGURE 2
Excitation beam profiles and interference patterns created by the
mode beatings of the fundamental and high-order modes. (A) LP01

and LP11o with equal amplitudes and zero phase difference; (B) LP01

and LP11o with equal amplitudes and π/2 phase difference; (C)
LP01 and LP21o with equal amplitudes and zero phase difference; and
(D) LP01 and LP11o with an amplitude ratio of 9:1 and zero phase
difference. Black arrows indicate the propagation direction of the
beam in the fiber.
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(the amplitude of each channel can be modulated offline
according to the transmission matrix of the photonic lantern
[21] by applying the appropriate current to the pre-amplifiers),

and the evaluation function is the consistency between the output
result and the control target. The mode control capability of this
5 × 1 photonic lantern system is simulated, as shown in Figure 3.

FIGURE 3
Control effect of the photonic lantern-based mode control system (mode content variation curves and near-field spots collected at the time
indicated by the red dotted line) when targeting different mode beatings. (A)Control target 1: pure LP01 mode; (B) control target 2: 80% LP01 + 20% LP11o;
(C) control target 3: 50% LP01 + 50% LP11o; (D) control target 4: 80% LP01 + 20% LP21e; and (E,F) convergence curves when the fundamental mode content
of the control target is 10%–100%.

FIGURE 4
Temporal trace (blue line) and Fourier spectra (red line) of the output beammeasured at (A) 75 W (below the TMI threshold) or (B) 194 W (above the
TMI threshold) in the amplifier using conventional seed; in the amplifier using the photonic lantern mode control system as seed: (C)when the controller
is turned off (measured at 307 W) and (D,E) when the controller is turned on (measured at 307 W and 194 W).
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The control target in Figures 3A–D, respectively, corresponds to
the mode beatings in Figures 2A–D. Figures 3E, F show the
convergence curves when the fundamental mode content of the
control target is 10%–100% (with an interval of 10%), where each
curve represents the average value of 50 calculations and the
control target of each calculation is the superposition field of the
four HOMs with random contents and the fundamental mode
with fixed content. Figure 3 shows that any superposition of the
five lowest LP modes can be basically generated within 60 loops.
The system control bandwidth is the ratio of single iteration

bandwidth to iteration loops. The single iteration bandwidth of
the controller applied in our study is greater than 1 MHz, so the
system control bandwidth is more than 16.67 kHz, which meets
the requirement of mitigating TMI. In particular, as shown in
Figure 3F, the higher the LP01 mode content of the control target,
the better the consistency between the control result and the
target. In fact, in the seeding stage of the fiber amplifiers, the
general order of HOMs is low (<5), and their energy is very small
(generally less than 5%) [7]. Therefore, the mode adaptive control
system based on the photonic lantern can meet the needs of

FIGURE 5
(A) Far-field spot distortions with power scaling in conventional amplifiers without the control system. (Particularly, the spots measured above the
TMI threshold are not stable. Only one-frame photographs are presented here.) (B) Far-field spots measured at different powers in the amplifier using
photonic lantern seeding with the controller is turned on. P, output power. Pthr, TMI threshold of this amplifier using conventional seeding.

FIGURE 6
Beam quality measured at 367 W: (A) using photonic lantern seeding with the controller turned on; (B) using conventional seeding.
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exciting appropriate mode beatings. These mode beatings can
form the MIPs to exactly counteract the MIPs in the main
amplifier caused by thermally induced non-linear effects so
that RIG is not formed and mode instability does not occur.
In particular, to mitigate TMI, we do not consider the specific
mode superposition field at the end of the photonic lantern
(i.e., the input field of the master amplifier) but the output
field at the end of the entire system. Therefore, the photonic
lantern and the master amplifier can be viewed collectively as a
black box [24]. The ultimate control target is the fundamental
mode, so the detector should collect the PIB of the output beam
by QBH to provide an evaluation function for the controller, as
shown in Figure 1.

3 Results

To verify the TMI mitigation effectiveness of this strategy,
comparison experiments are carried out between using
conventional and photonic lantern seeding. The TMI power
threshold is determined by using the method introduced in [7]
by calculating the standard deviation of the output power. In 2011,
M. Laurila studied the influence of photodarkening on TMI and
pointed out that for fiber with high pump absorption, the threshold
power of TMI will start to decrease with the increase in test times
and eventually stabilize around a saturation value [25]. Therefore, in
this paper, mode instability occurs at least five times by power
scaling before the measurement is carried out, to ensure that the
TMI power threshold of the laser has stabilized to the saturation
value. The TMI power threshold (Pthr) of the amplifier is measured
when the conventional seed is used. Replacing the section between
the beam splitter and the photonic lantern in the existing system in
Figure 1 with a single conventional seed channel containing a pre-
amplifier, an isolator, and a bandpass filter, the threshold of this
amplifier using conventional seeding is measured: Pthr = (102 ± 5)
W. At this time, the output power monitored by the power meter
starts to fluctuate continuously; the ratio of the standard deviation to
the average power is higher than 0.1‰/W. As shown in Figure 4A,
when the output power is scaled to 75 W, the temporal trace of the
output beam remains nearly stable. When the output power is
194 W (Figure 4B), obvious fluctuations in the temporal trace
occur, and there is a characteristic frequency (782 Hz) in Fourier
spectra, indicating the onset of TMI effect.

By using the photonic lantern on the seeding stage of the same
amplifier, TMI does not occur even as the power is scaled to
403 W. When the controller of the system is turned off, the
phases of the beam at the photonic lantern input channels are
unlocked, producing a mode coupling beam at the output end. As
shown in Figure 4C (measured at 307 W), the temporal trace is
clearly up and down, indicating the power transfer from the FM
to HOMs at a frequency of less than 200 Hz. We speculate that
the output beam at this time presents a new mode instability
state, which is not only caused by the thermal effect in the gain
fiber but also by the constantly fluctuating superimposed field
seeds provided by the photonic lantern when the controller is
turned off. When the controller is turned on, the phases are
locked immediately, as shown in Figures 4D, E (measured at
307 W and 194 W, respectively), the temporal trace remains

nearly stable, and there is no characteristic frequency in the
Fourier spectra. The temperature distribution of the YDF is
uniform (slightly higher at the splicing point and the section
with a smaller bend radius), indicating that periodic temperature
distribution and RIG are not generated. Comparing Figures 4B,
E, the temporal trace showed a significantly lower fluctuation
range with no characteristic frequency in Fourier spectra, and
TMI was effectively mitigated by using the photonic-lantern-
based mode control system.

The beam quality of the output beam is also improved by using
photonic lantern seeding. As shown in Figure 5A, by using
conventional seeding, the far-field spot distorts significantly and
gradually moves away from the Gaussian-like profile with the scaling
of the output power. In particular, the spots measured above the
TMI threshold are not stable; only one-frame photographs are
presented here, and the far-field spots are distinctly segmented
and enlarged. Video 1 shows the change in the near-field spot
measured at 307 W (the sampling frequency is 20 Hz). However, as
shown in Figure 5B, under the control loop closed in the amplifier
using photonic lantern seeding, the far-field spot keeps a stable and
nearly Gaussian-like profile at power levels of up to nearly four times
the TMI threshold. These far-field spots are basically concentrated
and have no segmentation. Video 2 shows the change in the near-
field spot measured at 307 W before and after the controller is
turned on (the sampling frequency is 20 Hz).

Subsequently, the M2 factor of the output laser is also measured.
For the amplifier seeded by conventional seed, when the output
power is less than Pthr, M

2 is 1.4–1.6; when it exceeds Pthr, the M
2

factor varies from 2 to 3.7, and the beam quality seriously degrades.
However, for the amplifier seeded by the photonic-lantern-based
control system, the M2 factor is maintained at a low value (less than
2) during power scaling up to four times Pthr. Figure 6 shows the
detailed results measured at 367 W. For the amplifier using photonic
lantern seeding, as shown in Figure 6A, the focused location of the x
direction is at ~360 mm, while that of the y direction is at ~355 mm.
The inserted picture is the spot that is recorded at the Z location of
355 mm. Currently, the beam quality is measured with M2 values of
1.762 and 1.567 in the x and y directions, respectively. The beam
quality value and the near-Gaussian spot profile prove that the
amplifier is working at a near-diffraction-limited beam quality.
However, for the amplifier using conventional seeding, as shown
in Figure 6B, the M2 value is 2.646 and 2.503 in the x and y
directions, respectively. Above all, the photonic-lantern-based
mode control system significantly improves the beam quality of
the fiber laser at a power above the original TMI threshold.

4 Conclusion

In this paper, we investigate the TMI mitigation capability of the
photonic lantern seeding amplifier. We theoretically explain that
exciting appropriate mode beatings as seed to form controllable
MIPs can counteract the thermally-induced MIPs in active fiber and
wash out the RIG. Experimentally, a stable beam profile and good
beam quality are achieved above the TMI threshold. This strategy is
adapted to a common step-index active fiber-assisted amplifier.
Although we use the photonic lantern with a 30 µm output core
to seed the 42/250 µm Yb-doped fiber amplifier, we still get a
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significant control effect and avoid the occurrence of TMI. Our
further work will focus on the ability to keep good beam quality for
higher power output in larger mode area fiber by matching the core
diameter of the active fiber and the output fiber of the photonic
lantern or by using photonic lanterns with more channels.
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