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Wavefront shaping enables
high-power multimode fiber

amplifier with output focus
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High-power fiber lasers are powerful tools used in science,
industry, and defense. A major roadblock for further power
scaling of single-frequency fiber laser amplifiers is stimulated
Brillouin scattering. Efforts have been made to mitigate this
nonlinear process, but these were mostly limited to single-mode
or few-mode fiber amplifiers, which have good beam quality.
Here, we explored a highly multimode fiber amplifier in which
stimulated Brillouin scattering was greatly suppressed due to a
reduction of light intensity in a large fiber core and a broadening
of the Brillouin scattering spectrum by multimode excitation.
By applying a spatial wavefront shaping technique to the input
light of a nonlinear amplifier, the output beam was focused to a
diffraction-limited spot. Our multimode fiber amplifier can
operate at high power with high efficiency and narrow linewidth,
which ensures high coherence. Optical wavefront shaping
enables coherent control of multimode laser amplification, with
potential applications in coherent beam combining, large-scale
interferometry and directed energy delivery.

High-power lasers have enabled a wide range of applications such
as laser machining, metrology, and directed energy delivery (1-4).
The ultimate limit on power scaling of such lasers are the nonlinear
effects and/or material damage encountered during light amplifica-
tion inside the lasers. An important technique to overcome such
detrimental effects in short-pulse amplifiers is chirped pulse ampli-
fication, in which laser pulses are stretched temporally, then amplified,
and finally compressed (5). A similar technique for continuous-wave
(CW) amplifiers is the spatial spread of light, for example, by increas-
ing the core area of a fiber amplifier. However, a fiber of larger core
tends to support more guided modes, and the interference of light in
these modes will generate a pseudorandom spatial field distribution,
leading to poor output beam quality. Because high beam quality is
needed for many applications, there have been extensive efforts to
increase the core area by reducing the numerical aperture (NA) (6-15)
or to explore microstructured fibers while maintaining single-mode
amplification (16). However, further power scaling is still limited by
optical nonlinearities and instabilities [see the supplementary ma-
terials, section 3 (17)].

The lowest-power nonlinear limit in power scaling of narrow-band
fiber amplifiers typically arises from stimulated Brillouin scattering
(SBS) of light mediated by acoustic waves (18, 19). This effect scatters
the forward-propagating signal to backward-propagating Stokes
light, thus limiting the amplifier output power. Moreover, intense
Stokes pulses might be generated that could damage upstream lasers.
Various techniques have been developed to mitigate SBS, mostly in
single-mode or few-mode fibers, to maintain high output-beam quality.
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One method used to increase the SBS threshold is to increase the sig-
nal linewidth to tens of gigahertz to effectively broaden the Brillouin
scattering spectrum and thereby lower the peak gain for SBS (20).
However, this approach greatly reduces temporal coherence, which
is required for applications such as metrology and gravitational wave
detection (21, 22). To suppress SBS in the single-frequency (linewidth
<100 kHz) regime, different approaches have been explored [see the
supplementary materials, section 3 (17)], such as tailoring acoustic
and gain properties, applying differential strain and/or temperature
gradients, tapering fiber core diameter, and tight coiling short fibers
(10, 16, 23—-30). However, SBS remains the major obstacle to power-
scale, single-frequency, single-mode fiber (SMF) amplifiers (31).

Optical wavefront shaping has become a powerful technique for
controlling light propagation in complex media including multimode
fibers (MMFs) (32). For example, it has been found in previous stud-
ies that tailoring the incident wavefront of light to an MMF with a
spatial light modulator (SLM) can create any spatial pattern of trans-
mitted field that is a superposition of the fiber modes (33-35).
However, most of these studies were conducted on passive MMFs
with linear light propagation or on low-power MMF amplifiers with
weak nonlinearity (36, 37). Adaptive mode control through a pho-
tonic lantern front end has been used to maintain single-mode opera-
tion in a few-mode fiber amplifier (38), but this scheme is difficult to
extend to the highly multimode regime. Although large-scale wave-
front shaping has been used to control nonlinear optical processes
in passive MMFs (39-41), it has not been applied to high-power
MMF amplifiers with strong nonlinearity, so its ability, efficacy, and
robustness for controlling complex, unstable multimode amplifica-
tion are not yet known.

Here, we simultaneously suppressed detrimental SBS and focused
the output beam in a highly multimode nonlinear fiber amplifier using
input wavefront shaping. Our MMF amplifier is free of SBS up to 503 W
output power, which is ~30 times higher than the SBS limit in a stan-
dard SMF of same length. The slope efficiency is 82%, comparable to
SMF amplifiers. The output of our MMF amplifier has a 20-dB linewidth
of 18 kHz, corresponding to a 3-dB linewidth of 1 kHz. This linewidth
is six orders of magnitude narrower than that of spectrally broadened
SMF amplifiers, leading to six orders of magnitude longer temporal
coherence length.

We addressed the main concern with using such an MMF amplifier,
output beam quality, by focusing the output beam with input wave-
front shaping. The beam propagation factor for the focal spot is M? <
1.35. The ability to control the output beam shape, together with the
high temporal coherence of our MMF amplifier, will greatly facilitate
coherent combining of output beams from multiple amplifiers.

SBS

In our master oscillator power amplifier configuration (Fig. 1), the
linearly polarized CW output of a single-frequency laser oscillator at
wavelength As = 1064 nm was preamplified by two-stage Yb-doped
SMF preamplifiers. Using a liquid-crystal SLM, we applied phase-only
modulation to the linearly polarized signal before coupling it to a Yb-
doped MMF amplifier that supports 76 spatial modes. The doped fiber
was cladding pumped by five diode lasers in the wavelength range of
966 to 971 nm to amplify the signal through stimulated emission of
Yb ions [see the materials and methods for more details (17)].

In the fiber amplifier, the signal being amplified acted as a pump
for SBS, generating a backward-propagating Stokes field by emitting
forward-propagating acoustic waves. The Stokes field was amplified
by both SBS and stimulated emission of excited Yb ions as it propa-
gated backward through the fiber. With increasing pump power, the
time trace of the backscattered light intensity showed random spikes
of duration ~10 to 100 ns (left inset of Fig. 1). These sharp intensity
fluctuations are attributed to an SBS-induced dynamic instability
(42-45) and represent a precursor for the onset of SBS (19). Here, we
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Fig. 1. Schematic of our MMF amplifier with input wavefront shaping to focus output beam. A single-frequency seed laser at wavelength As = 1064 nm was preamplified to
10 W. The CW beam was expanded and wavefront shaped by an SLM before coupling to a Yb-doped MMF amplifier pumped by five laser diodes. The amplified signal and residual
pump were separated by a dichroic mirror, and their powers were measured by power meters. A camera recorded the near-field intensity distribution of the amplified signal
outside of the MMF facet. The optical spectrum and linewidth of the output signal were measured with an optical spectrum analyzer and a heterodyne interferometer. The SLM
shaped the input wavefront to focus the output beam to a diffraction-limited spot. The right inset shows the focal spot at an output power of 503 W. The left inset is the time
trace of total backscattered intensity (normalized to its Rayleigh-scattering component), exhibiting a large spike due to SBS. RF, radiofrequency.
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amplifier lowers the signal intensity within
the fiber core, thus reducing SBS. Similar
to the conventional SBS threshold, the
SBS instability threshold is expected to
scale quadratically with the fiber core di-
ameter [see the supplementary materials,
section 2 (17)]. If only the fundamental
mode (FM) was excited in our MMF with
a42-ym core, the SBS threshold was about
eight times that in a large-mode-area SMF
amplifier with a 15-um core (19). From the
previously measured SBS instability
threshold in the SMF amplifier (45), we
estimated the SBS instability threshold for
FM-only excitation in our MMF ampifier
to be 24 W, as shown in Fig. 2A.

Experimentally, it was difficult to re-
alize FM-only excitation in the MMF amplifier because of the inevi-
table mode coupling in the fiber. When we used a lens of NA ~ 0.03
to launch the signal into the MMF, the output beam was distorted
from a smooth, symmetric profile (inset of Fig. 2A), indicating that
both FM and a few high-order modes (HOMs) were excited. The
measured SBS instability threshold for the few-mode excitation was
59 W. To excite more HOMs in the MMF amplifier, we replaced the
lens with a microscope objective of NA = 0.13, slightly larger than
the fiber NA = 0.1. With the input signal tightly focused onto the
front facet of the MMF, the output beam was speckled, as seen in the
inset of Fig. 2A. The measured SBS instability threshold for multi-
mode excitation was 97 W.
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Fig. 2. SBS in single-frequency fiber amplifiers. (A) Output signal power at the SBS instability threshold estimated
for a 15-um-core SMF amplifier and compared with a 42-pm-core MMF amplifier under FM-only excitation. Inset shows
the calculated intensity profile of the FM. SBS instability thresholds for the MMF amplifier were measured with
few-mode and multimode excitations. Inset shows the output intensity distributions. Both SMF and MMF were 18 m
long. (B) Brillouin gain spectrum calculated with equal excitation of all modes (purple) was broader than FM-only
excitation (green) in the MMF amplifier. (C) SBS instability threshold as a function of effective fiber length 1/L for
the 42-pm-core MMF with multimode excitation. Blue crosses are experimental data, and purple solid curve shows the
1/Le scaling. All data points were taken with the output beam focused to a diffraction-limited spot. Green circles
represent the estimated SBS instability thresholds under FM-only excitation at corresponding lengths. The inset shows
intensity and phase distributions across the focal spot at output signal power of 173 W. Seventy-six percent of total
output power was concentrated inside the focus. Color represents phase and brightness represents the intensity.

Multimode SBS theory

The fourfold increase of the SBS instability threshold (24 to 97 W)
by multimode excitation within the same MMF can be explained by
our semianalytic theory of SBS in the MMF amplifier (46—48). When
the input light is distributed over multiple fiber modes, the forward-
propagating signal in each mode will be Brillouin scattered to
backward-propagating Stokes in all modes. This process is mediated
by acoustic modes in the fiber, and the Stokes is frequency down-
shifted from the signal by the acoustic frequency Q. The scattering
coefficient for signal in the /-th mode and Stokes in the m-th mode,
gB(m’l)(Q), depends on the spatial overlap of the signal and Stokes
mode profiles with various acoustic modes in the fiber. Each mode
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pair of / and m typically has the largest spatial overlap with a single
acoustic mode, meaning that gB(m’l) peaked at this acoustic mode fre-
quency Q. The total Brillouin gain at axial position g in the m-th mode
due to signals in all fiber modes is:

G = lzg;m’”(w;”(z) o

where Ps(l) is the signal power in the /-th mode. The growth rate of
Stokes power in the m-th mode P™ is determined by Gg™

d P(m)
—5 - GR® @

Because of the exponential nature of growth, the total Stokes power,
Py = ZmPg"), is dominated by the mode m that has the maximum

value of Gg™.

Gg™ depends on the signal power distribution among the fiber
modes. We consider three cases below. First, all of the signal power is
in the FM, meaning /=1. gB(”> is larger than gB(m‘D for any m > 1 because
of better spatial overlap between optical and acoustic modes. Thus,
Brillouin scattering is strongest for the Stokes field in the FM (m = 1),
mediated by the lowest-order acoustic mode in the fiber. Second, con-
sider when a single HOM 7 > 1 is excited. Because of larger acousto-optic
overlap, intramodal Brillouin scattering (m = [) is stronger than inter-
modal scattering (m # 1), gB(l’D > gg(m’l) for any m # . However, smaller
acousto-optic overlap makes gB(”) < gg(l’l), and the SBS threshold for
[ > 11is higher than that with FM-only excitation. Third, if input power
is distributed among all fiber modes, then GB(’") is a sum of intramodal
and intermodal scattering coefficients weighted by the signal power PS(D
in individual modes, which is much less than the total power. Because
gBO"’l) for different mode pairs peaked at varying frequencies €, GB(’”>
is spectrally broadened and has a notably lower peak value than single-
mode excitation (Fig. 2B). Because the peak value dictates the exponen-
tial growth of Stokes power, the SBS threshold is appreciably higher for
multimode excitation than for the excitation of any single mode.

Pump depletion and gain saturation

In a high-power MMF amplifier such as ours, gain saturation and
pump depletion are strong. These effects determine the signal power
distribution throughout the fiber, which affects the Stokes growth rate.
To include these effects in our theory, we extended our earlier model
(46) as follows. We first calculated the signal power in each mode
Ps(l)(z) throughout the fiber, taking into account gain saturation and
pump depletion in the MMF amplifier (49). At or below the SBS in-
stability threshold, the Stokes power is much lower than the signal
power, so feedback due to SBS was neglected when computing the
signal power and pump power distribution in the MMF amplifier [see
the supplementary materials, section 2 (17)].

Numerical simulation of our MMF amplifier using the improved
model [with parameters listed in table S1 (17)] revealed that the pump
power (at wavelength Ap = 971 nm) was mostly absorbed in the first
6 m of the Yb-doped fiber. Beyond this distance, the signal power did
not grow appreciably [fig. S6 (17)]. To investigate the scaling of SBS
instability threshold with fiber length, we started with a long fiber and
gradually cut it back in Fig. 2C. From the physical fiber length L and
total signal power Pg(2) = ZIPS) (), we computed the effective fiber

L

length for SBS as follows: L; = | Pg(2)dz / Pg(L) Figure 2C shows that

the measured SBS instability th(i‘eshold increased rapidly as Leg de-
creased (blue crosses). The blue curve shows that SBS threshold scaled
inversely with Leg, as expected from our theory [see the supplementary
materials, section 2 (77)]. To illustrate the enhancement by multimode
excitation, the green circles show the estimated thresholds with FM-
only excitation at fiber lengths corresponding to experimental values.
At the shortest length Leg = 3.7 m, the measured SBS instability thresh-
old reached 503 W, ~5 times higher than the FM-only threshold.
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Output beam shaping

All data points in Fig. 2C were taken with the output beam focused to
a chosen spot outside of the distal facet of the MMF by optimizing the
input phase front with the SLM [see the materials and methods (17)].
The inset in Fig. 2C is an optical image of focal spot taken at 173 W
output signal power. With phase-only modulation of the input signal,
76% of total output power was concentrated within the focal area. We
obtained similar focusing efficiencies at higher powers [fig. S7 (17)].
The near-field focusing of the output beam was achieved through in-
terference of signal in many fiber modes, so the SBS instability thresh-
old was enhanced by multimode excitation in the amplifier.

To control the output beam profile by input wavefront shaping,
the signal bandwidth must be narrower than the spectral correlation
width of a MMF amplifier. The latter characterizes how fast the
output field pattern decorrelates with frequency detuning for a fixed
input wavefront. Despite gain saturation and pump depletion in our
MMF amplifier, its spectral correlation width barely changed from
that of the passive MMF (50). With increasing fiber length, the spec-
tral correlation width decreased, but even for the longest MMF of our
amplifier, the correlation width exceeded 1 GHz, which is well above
the signal bandwidth (see the next section). The amplified signal was
spatially coherent; that is, the relative phase of output fields between
any two positions was time invariant. Therefore, the speckle pattern
created by multimode interference at any frequency within the signal
bandwidth was almost identical, leading to the high-intensity con-
trast seen in the inset of Fig. 2A.

The spatial coherence of the amplified signal allowed us to generate
the same output pattern, e.g., focusing to a chosen location, for all fre-
quency components by imposing a single wavefront on the input beam.
To measure the phase of the output field, we performed an interfero-
metric experiment [see the materials and methods (77)]. The inset
of Fig. 2C shows that the measured phase was constant across the focal
spot, confirming diffraction-limited focusing.

To track axial evolution of a focal spot, we imaged the transverse
intensity distribution at different axial planes. Three exemplary images
are presented in Fig. 3, A to C, revealing that the spot radius increases

z=400pum

A z=0um B
+40

z=200pum C
+40

y [um]

o

(%))
Intensity [norm.]

0

%0 -20 0 +20 +40 2

B 940 -20 0 +20 +40 - -40 -20 0 +20 +40

X [um] X [um] X [um]
D_ x» . .

g

= 2

S 2o o w(z) ]

T O wi(2) = d 1]

o 151 e 00 1

g g O

= 10f 30 1

8_ B 8 © 2

2 8 My? = 1.35

3 51 M,2~1.05

w I I I I I

L 100 200 300 400 500

Axial distance from the focal plane z [um]

Fig. 3. Beam propagation factor of a focal spot at the MMF amplifier output.
(A) Intensity profile of a diffraction-limited spot created 300 pm from the MMF
distal facet by shaping phase front of input signal; 76% of total output power was
concentrated inside the focal area. (B and C) Output beam profiles recorded at
axial distance z ~ 200 um (B) and 400 um (C) from the focal plane, respectively.
(D) Focal spot radii along x and y axes (perpendicular to fiber axis z), wy and wy,
increased with axial distance z. Squares and circles mark experimental data, solid
curves represent the fit with Eq. 3 that gives M, ~ 1.05 and My2 ~1.35.
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amplifiers is by broadening the input
signal linewidth to tens of gigahertz. In
our scheme, the 3-dB signal linewidth was
six orders of magnitude narrower, and
thus the temporal coherence length was
six orders of magnitude longer in the
MMF amplifier.
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Fig. 4. High-power MMF amplifier with narrow linewidth. The fiber core diameter was 42 pm and the effective length
Lest was 3.7 um. (A) Amplified signal power as a function of absorbed pump power gives a slope efficiency of 82%. Red
circles are experimental data, black dashed line is a linear fit of data, and blue curve is from our theoretical model.

(B) Optical spectrum of amplifier output at 453 W power showing the amplified signal peak at 1064 nm on top of a

broad amplified ASE band. The signal-to-ASE peak ratio was 52 dB. The small peak centered at 971 nm is from the residual
pump. (C) Heterodyne spectra for input (blue) and output (red) signals of the MMF amplifier at an output signal power

of 503 W. The sweep time was 41 ms. Full width at —20 dB of maximum was 35 kHz for both input and output signals,
indicating no detectable spectral broadening by the MMF amplifier. After subtracting the reference linewidth, the 20-dB

width of input/output signal was 18 kHz.

with axial distance & from the focal plane. We extracted the intensity
profiles in the # and v axes and fit them with a Gaussian envelope to
obtain the spot radius w, and w, [see the materials and methods
(17)]. Figure 3D shows the growth of w, and w, with 5. We fit the 2
dependence as follows:

(2) = w01+ < Mhyx )2

w(2) = w _ 3
nn[w(0)]? @

where w(0) is the focused spot radius at the focal plane (z = 0), Ag is
the signal wavelength in vacuum, and n ~ 1.45 is the refractive index
of the glass endcap in which the output beam is focused and further
propagates. Equation 3 fits the data well and gives the beam propaga-
tion factors M,> ~ 1.05 and M,> ~ 1.35.

Efficiency and linewidth

We further characterized the performance of our high-power MMF
amplifier with the shortest L = 3.7 um. First, we measured the output
signal power and residual pump power. The power of the amplified
signal is given by the difference between input and output signal power,
P@mP) = pou) _ pin) The absorbed pump power was obtained by
subtracting the residual pump power at the amplifier output from the
pump power launched into the MMF, Pp@ = P _ P, Figure 4A
shows that Ps®™ increased almost linearly with Pp®®. A linear fitting
gives a slope efficiency of 82%. The experimental data agreed with the
theoretical prediction of our model.

‘We also measured the output spectrum of the MMF amplifier with an
optical spectrum analyzer. In Fig. 4B, the signal appears as a narrow peak
at Ag = 1064 nm. It sits on top of a broad amplified spontaneous emission
(ASE) band. The peak ratio of amplified signal to ASE was 52 dB.

The signal linewidth, which was too narrow to be resolved by the opti-
cal spectrum analyzer, was measured by a heterodyne interferometer
[see the materials and methods (17)]. Figure 4C shows the heterodyne
peak resulting from beating of the amplified signal and a reference (red
curve). The full width at -20 dB of the maximum was Avy = 35 kHz.
Subtracting the reference width of Avg = 17 kHz (fig. S6), the 20-dB width
of the output signal was Avs = Ay - Avg = 18 kHz, corresponding to a
Lorentzian line of 3-dB bandwidth (full width at half maximum) ~1 kHz.

For comparison, we measured the linewidth of input signal to the
MMF amplifier using the same method. As shown by the blue curve
in Fig. 4C, the input signal had nearly identical width as the output (red
curve), so optical wavefront shaping and coherent multimode ampli-
fication do not cause detectable spectral broadening of the signal. As
mentioned earlier, a common approach to mitigating SBS in SMF
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Input wavefront shaping allowed us to
simultaneously mitigate SBS in the MMF
amplifier and control the output beam
profile. Although an SLM placed at the
fiber amplifier output end could shape
the amplified beam and allow another
SLM at the input end to optimize multi-
mode excitation for maximal SBS sup-
pression (50), we chose here to shape the
low-power seed to avoid high-power han-
dling. In the current experiment, phase-
only modulation of the input wavefront
limited output focusing efficiency such that ~20 to 30% of power was
outside of the focal spot. Complete focusing can be achieved with both
amplitude and phase modulation of the input signal (35). Full-field
modulation will also generate an output beam with M? closer to unity
(50). In addition to output focusing, input wavefront shaping can
generate different output profiles of the MMF amplifier, which will be
useful for laser welding and material processing. Even in the presence
of strong nonlinearity, gain saturation, and pump depletion, as long
as the amplifier operates below the instability threshold, optimal input
wavefront can be found by minimizing the difference between the
measured output beam shape and the target (51). In this work, the
spatial profile of a single linear polarization of the output beam was
controlled by input wavefront shaping. Although the input signal was
linearly polarized, polarization mixing in the MMF caused depolar-
ization. However, it was possible to control output beam profiles for
two orthogonal polarizations by shaping both input polarizations. This
could be done by separating two orthogonal polarizations of the input
signal and shaping their field patterns separately before combining
them and coupling them to the MMF (50).

An instability-free increase of the power in a MMF amplifier beyond
the level demonstrated here will be possible by enlarging the fiber core
to further suppress SBS. Even if only the FM is excited, the SBS threshold
will scale quadratically with the core diameter [see the supplementary
materials, section 2 (77)]. With multimode excitation, Brillouin spectrum
broadening was more pronounced, because additional modes could be
excited in an MMF with a larger core, leading to higher enhancement
of the SBS threshold. Although our scheme does not rely on specialty
fibers, wavefront shaping can be applied to specialized MMFs with lower
optical nonlinearity and to microstructured fibers with a large cross-
section for higher-power operation.

More generally, our method can be extended to mitigating other
detrimental nonlinear effects in high-power fiber amplifiers, such as
transverse mode instability, stimulated Raman scattering, and modu-
lation instability, and also to other types of high-power lasers, such as
solid-state and semiconductor optical amplifiers. Our scheme of spa-
tial and modal spread of the signal may be combined with a temporal
stretch of optical pulses for high-peak-power amplification.
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