|7| Research Article Vol. 10, No. 10 / October 2023 / Optica 1253
Check for
OPTICA

updates

2.2 kW single-mode narrow-linewidth laser delivery
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Antiresonant hollow-core fibers (AR-HCFs) have opened up exciting possibilities for high-energy and high-power laser
delivery because of their exceptionally low nonlinearities and high damage thresholds. While these fiber designs offer
great potential for handling kilowatt-class powers, it is crucial to investigate their performance at multi-kW power levels.
Until now, transmission of narrow-linewidth single-mode lasers at multi-kW power levels through a HCF has not been
demonstrated, to our knowledge. Here, we present the delivery of a record 2.2 kW laser power with an input spectral
linewidth of 86 GHz, centered at 1080 nm, while maintaining 95% transmission efficiency and beam quality (M?) of
1.03. This was achieved via a 104.5 m single-mode five-tube nested AR-HCF with 0.79 dB/km loss. Furthermore, we
show power delivery of 1.7 kW with a spectral linewidth as narrow as 38 GHz through the same fiber. Our results could
lead to a new generation of fiber-based laser beam delivery systems with applications in precision machining, nonlinear
science, directed energy, and power beaming over fiber. © 2023 Optica Publishing Group under the terms of the Optica Open
Access Publishing Agreement

https://doi.org/10.1364/OPTICA.495806

1. INTRODUCTION Thus far, most kilowatt-class laser delivery studies through solid
core fibers over distances of at least a few tens of meters have been
performed with broadband sources. For example, low-numerical-

. > aperture multimode step index fibers have enabled transmission
stantial experimental advancements. These developments have of 5 kW over 20 m [17], 800 W over 100 m [18], and 1 kW over
been driven by the potential application of this technology in key 100 m [19] with output beam quality (M2) ~1.3. Additionally, by

In recent years, the delivery of high-power single-mode laser
beams through hollow-core optical fibers has undergone sub-

areas such as precision manufacturing [1], ultrafast physics [2-5], utilizing few-mode photonic crystal fibers designed to encourage
telecommunications [6-9], directed energy [10,11], and power- large higher-order mode losses, 1 kW over 300 m with an output
beaming over fiber [12], to mention a few. In general, the goal of M? =1.7[20] and 10 kW over 30 m [21] have been demonstrated.
single-mode laser beam delivery fiber is to preserve the spectral and Despite these achievements, these fibers are not ideal for flexible
spatial features of the source at a remote point of interest. This is beam delivery systems in applications demanding strict preserva-
especially relevant in applications where beam focusing near the tion of the spatial and spectral properties of the source due to their

high sensitivity to bending and nonlinear effects present in the
silica core. Moreover, single-mode multi-kW laser power trans-
mission at linewidths of less than 100 GHz has not been reported
over fiber lengths close to 100 m, to the best of our knowledge.
To surpass the capabilities of silica core fiber technologies in laser
delivery, it is crucial to investigate novel guidance mechanisms for
suppressing nonlinear effects and promoting robust single-mode

diffraction limit is required to achieve high precision and accuracy.
Nevertheless, high-power transmission through solid core fibers
at long lengths suffers from numerous deleterious phenomena
due to intensity-based nonlinear effects such as the Kerr effect,
stimulated Raman scattering (SRS), and stimulated Brillouin
scattering (SBS) [13—15]. These effects impose significant con-
straints on single-mode narrow-linewidth power levels that can

propagation.
be transmitted through a solid-core optical fiber. In particular, The concept of a photonic bandgap introduced the possibil-
high-power single-mode narrow-linewidth ytterbium-doped fiber ity of guiding light within an air core confined by a precisely
laser amplifiers (YDFAs) are typically restricted by SBS, while SRS engineered silica glass—air cladding structure [22]. Since then,
limits high-power broadband performance [16]. hollow-core fibers (HCFs) have been extensively investigated,
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leading to tremendous performance improvements and the
demonstration of attenuation levels comparable to standard
single-mode fibers [6,9,23-31]. In this regard, the emergence of
antiresonant HCFs (AR-HCFs) offered unprecedented versatility
in terms of tailoring fiber modal properties and great promise
for ultra-low-loss light guidance [8,9,29-34]. In general, these
structures consist of a negative curvature air—core interface, and
rely on AR and inhibited coupling as the light guiding mechanism
[31,35,36]. Various AR-HCEF structures have been demonstrated,
ranging from single resonator rings [25] and conjoined tubes [29]
to nested [32] and double nested [8] configurations, ranging from
strictly single-mode to multimode designs [26].

A unique feature of HCF is that light can be guided with a
minimal fraction of the field overlapping with the glass structure,
increasing the damage threshold and reducing material absorp-
tion and nonlinearity. Over the years, there have been numerous
efforts on power transmission through HCFs, including photonic
bandgap [37] and hypocycloidal Kagome-type designs [38] with
single-mode laser power transmission experiments reaching up
to 1.2 kW through 1.5 m of fiber [39]. Recent AR-HCF struc-
tures have shown great promise for scaling to extreme high-power
single-mode delivery, due to their strong confinement, and large
core diameter characteristics. As such, interest in exploring high-
power delivery through AR-HCFs has greatly intensified since the
demonstration of 300 W single-mode broadband laser transport at
1 pm through a seven-tube AR-HCF [40]. At the ~1000 W level,
there have been transmission demonstrations involving broad-
linewidth sources through both nested and non-nested AR-HCF
designs [34,41,42]. Significantly, a recent study by Mulvad ez al.
[34] successfully delivered 1.1 kW output power over 1 km of
nested AR nodeless fiber (NANF) using a 1080 nm source with
a spectral linewidth of approximately 5 nm. However, despite
these significant advancements, the transmission of multi-k'W
powers or high-power narrow-linewidth sources in a single-mode
fashion needs to be investigated. Additionally, these studies have
highlighted the challenge of maintaining adequate coupling effi-
ciency and preventing failure at the fiber input, requiring optical
alignment adjustments during high-power operation.

In this work, we demonstrate transmission of multi-k'W
narrow-linewidth single-mode power over 104.5 m and 6.25 m
of five-tube NANE In the case of the 104.5 m fiber, by coupling
a 2.3 kW single-mode continuous wave (CW) laser operating at
1080 nm and 86 GHz linewidth, we achieved an output power of
2.198 kW, while maintaining near-diffraction-limited beam qual-
ity M? = 1.03. Moreover, for laser configurations with linewidths
of 63 GHz and 38 GHz, we obtained output powers of 2.18 kW
and 1.7 kW, respectively, limited only by the maximum power of
the source. Interestingly, we observed no nonlinear SRS and SBS
effects from glass. However, at high powers, additional discrete
frequency peaks appear in the output spectrum, due to rotational
SRS from atmospheric nitrogen in the fiber’s core.

2. EXPERIMENTAL DESIGN

The low-loss NANF used in the experiments was manufactured
in-house using the stack-and-draw method with an attenuation
0f 0.79 dB/km at 1080 nm. We selected a five-tube nested design
for the robust single-mode operation expected by this structure
due to its large higher-order mode loss and its low fundamental
mode loss [43]. The fiber is coated with a single 40 pm thick layer
of high-index polymer. In Fig. 1(a), we present a scanning electron
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Fig. 1. Characterization of the fabricated fiber. (a) SEM image of the
five-nested-tube NANE (b) Simulated (red) and measured (blue) spectral

attenuation.

microscope (SEM) image of the uncoated fiber facet showinga core
diameter of ~23 wm and thickness of outer tubes and nested tubes
of 780 nm =10 nm.

In Fig. 1(b) we present the measured attenuation spectrum
obtained via a cutback method. To do so, the transmission spec-
trum was measured by coupling a white light source (NKT SuperK
COMPACT) into a 463 m long fiber on a 30 cm diameter coil.
Then, while maintaining constant input conditions, the fiber was
cut back to 100 m. The transmission was measured again, and by
comparing the two, we obtained the spectral attenuation. A cut-
back to 100 m fiber length allowed us to accurately obtain the losses
of the fundamental mode. The attenuation including surface scat-
tering, confinement, and bend losses at 30 cm coil diameter, was
simulated considering the fiber parameters described above using
a finite element method mode solver (COMSOL Multiphysics)
[43]. The calculated bend loss is 0.11 dB/km for 30 cm bend diam-
eter and remains below 1 dB/km for diameters greater than 12 cm.
Additionally, the calculated loss of the first higher-order mode
group (L P11) is~9.5 dB/mat 1080 nm. The mode field diameter
(MFD) of the fundamental mode was measured using a 10X mag-
nification 4- f" imaging telescope at the fiber output and compared
to a commercially available fiber (Coherent LMA-GDF-20/400)
with a known 17.1 pm MFD as reference. Considering the 1/¢?
definition [44], the MFD was found to be ~18 pum at 1080 nm,
which is in excellent agreement with the simulated MFD.

To investigate the power delivery performance of the NANE
we employed an unpolarized CW fiber laser amplifier system
capable of producing up to 2315 W ata 86 GHz linewidth and an
M? of 1.06 = 0.02. The laser source utilized a three-stage YDFA
architecture and an external seed laser modulated by an acousto-
optic modulator driven by an RF white noise source for spectral
broadening [45]. The seed operated at a wavelength of 1080 nm
at a linewidth of 1 MHz. Inline RF attenuators on the input of
the phase modulator served as a mechanism for controlling the
linewidth of the laser beam.

Figure 2(a) shows a schematic of the high-power transmission
setup. The laser’s large mode area (LMA) fiber output beam was
collimated using a plano—convex lens (L;). The resulting colli-
mated beam was then free space coupled to the five-tube NANE
Although no active pointing stabilization methods were employed
in this work, the optical path length between the laser LMA fiber
output and the HCF input was 20 cm to minimize pointing jitter.
A second plano—convex lens (L;) is selected to precisely match the
MDF of the NANE, resulting in a numerically calculated maxi-
mum coupling efficiency of ~98% into the fundamental mode.
Low-OH fused silicalenses L;, L,, L3, and a standard-grade fused-
silica lens Ly are anti-reflection coated providing less than 0.1%
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Fig. 2.

(a) Schematic of high-power transmission setup. A high-power CW fiber laser is coupled into a NANFE. LMA, large mode area fiber; SME single-

mode fiber; Ly, Ly, L3, Ls, L, plano—convex lenses; Ly, bi-concave lens; Wy, W, fused silica wedges; PM, power meter; OSA, optical spectrum analyzer;
M;, plano—concave mirror. (b) Thermal image of fiber input and cladding light stripper for 2.3 kW input power. (¢) Aluminum mandrel used for fiber man-
agement in 6.25 m transmission test. (d) Near infrared image of the polystyrene drum used for fiber coiling during 104.5 m test.

reflection. To help minimize localized thermal drift and damage
during high-power operation, a 1 cm long cladding light stripper
(CLS) was applied through chemical etching [46] behind the input
facet of the fiber. The fiber was mounted on a quartz block fixture
using high-temperature epoxy. In our experiment, only about 5 cm
of fiber was uncoated at the input and output ends, as depicted in
Fig. 2(b). Precise alignment between the laser source output LMA
and the NANF input facet was achieved using two five-axis stages.

We conducted power delivery experiments on two distinct
fiber sections, measuring 6.25 m and 104.5 m in length. By ini-
tially conducting power delivery experiments on the short 6.25 m
fiber, we were able to optimize fiber preparation and configure the
experimental layout without the risk of accidentally damaging
a significant portion of the NANFE. Once power transmission
was characterized using the 6.25 m fiber, further investigation
was conducted with the 104.5 m fiber. The 6.25 m NANF was
wrapped around an uncooled 30 cm diameter grooved aluminum
mandrel, as shown in Fig. 2(c). The grooved design of the mandrel
served the dual purpose of preventing fiber overlap and aiding in
temperature monitoring during testing. The longer 104.5 m fiber
was wrapped on a 30 cm diameter polystyrene drum, as depicted
in Fig. 2(d). The NANF output was collimated using the same
mounting method as at the input and directed through W;. The
low-power reflection from the front surface of the wedge was fed
into the beam diagnostic equipment. Over 99.8% of the fiber
output power was captured and measured using a 5 kW power
meter (Ophir 5000 W-BB-50).

We characterized the output beam through M?, spectral and
mode profile measurements. To accomplish this, we utilized the
first reflection of W as a low-power pickoff, which was directed
towards W5. The light transmitted through W, was then coupled
via Ls to an optical spectrum analyzer (OSA) with a resolution of
7.5 GHz (Thorlabs OSA202C) using a single-mode fiber patch
cable. Simultaneously, the front surface reflection of W, was
reflected off a concave mirror (M;) and directed towards a beam
profiler (Thorlabs BP209-IR2) to measure the beam divergence
and M? in the x and y directions. We determined M? using the
ISO/TR 11146-3:2004 standard. For beam imaging, the reflection
from the back surface of W, was captured by a CMOS camera
through a 400 mm focal length lens (Lg). During the 6.25 m
test, we used a DataRay WinCamD camera, while the 104.5 m
test employed a Gentec Beamage 3.0 camera. It is important to
note that in our experimental setup, the imaged beam originates
from back surface reflection of W3, resulting in the beam passing

through the wedge material twice. This leads to a very slight ellipti-
cal distortion at the image plane due to a phase difference across the
beam caused by its propagation through the wedge material.

3. POWER DELIVERY RESULTS AND DISCUSSION

The first evaluation at high power was conducted with an 86 GHz
linewidth on the 6.25 m NANF and was subsequently repeated
for each linewidth at 63 GHz and 38 GHz. Following this, we
extended our testing to the 104.5 m fiber at the three investigated
linewidths. Coupling from the laser LMA fiber to the NANF was
performed at low power (below 5 W). At this stage, we measured
a transmission efficiency (TE = Py /Pin) of 97.3% and 96.2%
for the 6.25 m and 104.5 m fibers, respectively. Here, P, is the
output power, and Pj, is the power launched into the fiber. P;, was
measured by removing L, the NANE and L3 from the experimen-
tal setup. Therefore, TE accounts for coupling and propagation
losses. The approximately 1.1% difference in TE between the
6.25 m and 104.5 m fibers highlights the low fiber loss. After opti-
mizing coupling at low power, we increased the power to ~20 W.
This higher power allowed us to verify alignment of the optical
diagnostic components, as illustrated in Fig. 2(a). After aligning
the diagnostics, we gradually increased the power in increments
of ~220 W. At each input power, we allocated a 120 s pause to
monitor any potential thermal drift and to ensure that the power
meter reached a steady state before recording the measurements.
The fiber temperature was continuously monitored using a hand-
held thermal camera (FLIR T560). Throughout the study, the
temperature on the CLS remained below 82°C. Additionally, the
temperature along the initial tens of centimeters of fiber did not
exceed 42°C on the 6.25 m or 49°C on the 104.5 m transmission
test, well below the thermal limit of the fiber coating of ~100°C.
The highest recorded temperature was due to scattered light at the
input CLS, as shown in Fig. 2(b).

Figures 3(a)-3(c) present the high-power delivery results for the
three different spectral linewidth conditions through the 6.25 m
and 104.5 m lengths in black and red, respectively. The maximum
power of the source was dependent on the linewidth: 2.315 kW at
86 GHz and 63 GHz, and SBS limited to 1.828 kW at 38 GHz.
When operating at 38 GHz, the laser system automatically shuts
down above 1.828 kW to prevent damage due to backscattered
light. The power delivered through the 6.25 m NANF versus
input power is presented in Figs. 3(a)-3(c) in black. In this case,
maximum output powers of 2.205 kW, 2.172 kW, and 1.708 kW
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Fig.3. Output power as function of input power at a source linewidth of (a) 38 GHz, (b) 63 GHz, and (c) 86 GHz for a fiber length 0f 6.25 m (black) and
104.5 m (red). (d) Near field beam profiles at the 6.25 m NANF output for different transmitted powers for 86 GHz linewidth. (e) Near field beam profiles
on the output of the 104.5 m NANF at maximum transmitted power at 38 GHz, 63 GHz, and 86 GHz linewidth.

Table 1. Summary of Beam Quality and Transmission
Efficiency Measurements at Highest Power Tested at
Each Input Linewidth through Hollow-Core Fiber
Lengths of 6.25 m and 104.5 m

Test Output

P, (W)  Linewidth Length P,, (W) Mm? TE

+4% +3% +10ecm 4% +5% +1%
2315 86GHz 6.25m 2205 1.020 95.2%
2310 86GHz 104.5m 2198 1.032 95.1%
2315 63GHz 6.25m 2172 1.025 93.8%
2310 63GHz 1045m 2183 1.035 94.5%
1828 38GHz 6.25m 1708 1.039 93.4%
1791 38GHz 104.5m 1706 1.022 95.3%

were achieved at 86 GHz, 63 GHz, and 38 GHz, respectively.
These values correspond to TE of 95.2%, 93.8%, and 93.4% for
each respective linewidth. The slightly lower efficiencies observed
for the latter two cases can be attributed to micrometer-scale mis-
alignment of the input coupling conditions. It is important to
note that the fiber launching conditions were not re-optimized
during the experiments to minimize risk of fiber damage during
high-power operation. Similarly, the power delivered through
the 104.5 m fiber reached 2.198 kW, 2.183 kW, and 1.706 kW at
86 GHz, 63 GHz, and 38 GHz, respectively. Correspondingly, the
transmission efficiencies for these source linewidths were 95.1%,
94.5%, and 95.3%. Near field beam profiles from the 6.25 m fiber
output, captured at power levels of 0.6 kW, 1 kW, and 2.2 kW at
86 GHz are presented in Fig. 3(d). Likewise, output beam pro-
files from the 104.5 m fiber at maximum delivered powers are
shown in Fig. 3(e). Furthermore, beam quality measurements
were conducted throughout testing, indicating near-diffraction-
limited beam quality. In Table 1, we present a summary of the
high-power delivery measurements, including the associated trans-
mission efficiency and beam quality. The M? value is reported as
M2= /M2 M2,

We conducted spectral measurements for different power levels
and source linewidths. Figures 4(a)—4(c) show the spectrum of the
high-power source for the three linewidths in blue. These figures
also display the spectra after propagation through the 104.5 m
fiber for an output power of 1.5 kW and at the maximum output
power. It is important to note that the spectra obtained for the
6.25 m NANF are not shown in Fig. 4, as no spectral distortions
were observed during high-power testing for this length. Notably,

in the insets in Figs. 4(a)—4(c), we can observe that the NANF
output spectra maintain an almost unperturbed central peak of
the source at 1080 nm. Hence, the full width-half-maximum and
spectral shape of the source are well preserved after propagation.
However, for Poy, = 1500 W, a series of discrete peaks centered
around 1090 nm becomes visible in the output spectra. With
increasing power, at Py, = 2.2 kW, additional peaks developed
around 1100 nm. In our experiments, we did not observe any
additional peaks outside the plotted wavelength range, nor did we
observe them for output powers below 1.4 kW.

Based on the rotational and vibrational Raman responses
of atmospheric air [47], the spectral peaks can be attributed to
the Raman response of nitrogen within the NANF core, pre-
dominantly due to rotational SRS on the S-branch [48,49] The
measured output spectra for Py, = 2.2 kW clearly exhibit both the
first-order Stoke shift and second-order Stokes shift, as depicted
in Figs. 4(b) and 4(c). Within these spectra, we can identify five
distinct rotational lines within the first Stokes shift near 1090 nm,
three rotational states in the second Stokes shift near 1100 nm, and
a very weak anti-Stokes line near 1070 nm. The primary nonlinear
mechanism contributing to the observed spectral peak genera-
tion arises from rotational SRS within the atmospheric nitrogen
present in the core, rather than nonlinearities within the glass
structure. This can be attributed to the minimal spatial overlap
between the fundamental mode and silica, which is approximately
~1.2 x 107 for our fiber. It is worth noting that rotational SRS
due to atmospheric nitrogen within a NANF was recently reported
in high-power transmission experiments, when transmitting
1.1 kW CW broadband laser power through a 1 km fiber [34].

However, our results represent the first observation of discrete
CW SRS laser line generation at kW powers in a HCE, to the best
of our knowledge. Considering power delivery applications, this
nonlinearity can be effectively mitigated by applying vacuum
within the core or by purging it with a non-Raman active gas such
asargon. From a different perspective, this effect could be exploited
to create novel AR-HCEF-based laser sources capable of generating
high CW powers at wavelengths that are challenging to access
using rare-earth-doped solid-core fibers. This could be achieved by
filling the NANF core with a tailored gas composition and pressure
in combination with pumping with a suitable narrow-linewidth
source.

To calculate the maximum NANTF length to deliver the 2.3 kW
source while avoiding the onset of rotational nitrogen SRS, we
consider a power threshold for SRS onset (Pysrs) = 1400 W).
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Fig. 4.  Spectral characterization of the laser source versus NANF

output. Spectral measurements obtained for source linewidth configura-
tions at (a) 38 GHz, (b) 63 GHz, and (c) 86 GHz. Measured input signal
spectra from the laser source (blue) are compared to a 1.5 kW NANF
output (black) and at the maximum NANF output power (green) for each
respective linewidth configuration. Inset shows the intensity plot versus
AX from —1 nm to 1 nm for different powers.

This Pyysrs) estimate is based on our experiments where SRS
peaks were not present for output powers below 1400 kW.
Neglecting propagation losses, from the SRS power threshold
equation Pusrs) = (16Ae)/(grLer) [50], we can determine
the Raman gain coefficient (gz), using A= 254 um? for our
NANF and effective fiber length (L= 104.5 m). This yields a
gr~ 2.7 x 107" m/W. Employing the calculated g and solv-
ing for Py srs) = 2300 W, we obtain a maximum NANF length
of 63.6 m. This analysis ensures that the spectral features arising
from the SRS response of atmospheric nitrogen are avoided in the
NANF when delivering our narrow-linewidth laser.

Similarly, one can estimate the SBS response and determine the
power threshold before encountering detrimental backscatter at
the laser source. For clarity, we focus on the SBS effects arising from
the delivery fiber isolated from the high-power source. We com-
pare the expected SBS response of a solid-core delivery fiber with
equivalent MFD = 17 um to that of the NANE The SBS power
threshold can be obtained from Pyspsy = (21 Aetr) /(g Bav) Lefe)
[50], where gp(ay is the linewidth dependant Brillouin gain
coefficient. In this example, we neglect fiber losses; the source

linewidth is 38 GHz, Aeg=227 um?, and L.s=104.5 m.

For the NANFE, the estimate Brillouin gain coefficient contribu-
tion from nitrogen is gy, (An) 5.4 x 107" m/W [51,52],
and the Brillouin gain coefficient due to the optical field over-
lap with silica glass is g g, av) & 3.3 X 1077 m/W. As a resul,
&B(Av) = & By, (Av) T & Bgi(an) & 5.4 x 1071 m/W. Therefore,
the corresponding SBS power threshold for a 104.5 m long NANF
delivery fiber filled with atmospheric nitrogen is ~8.5 kW. Clearly,
if the fiber is in vacuum, the gas contribution is negligible, resulting
ina SBS threshold of ~1.4 MW. On the other hand, a comparable
solid-core fiber would be limited to 170 W power delivery, due
to its significantly higher SBS gain (~2.69 x 107> m/W) for
a 38 GHz signal. Subsequently, we calculate the maximum fiber
length before reaching the SBS power threshold when transmitting
our 38 GHz linewidth, 1.8 kW average power laser. Once more,
without losses, this leads to maximum fiber lengths 0f9.9 m for the
solid-core fiber, 493 m for the atmospheric nitrogen-filled NANE,
and 80.7 km when the NANF core is evacuated.

4. CONCLUSIONS

We have demonstrated 2.2 kW power delivery with 86 GHz
linewidth at 1080 nm, through a 104.5 m long single-mode HCE
This was enabled by an in-house fabricated low-loss five-tube
NANE with a measured loss of 0.79 dB/km at 1080 nm. The
transmission efficiency was 95% with near-diffraction-limited
output beam quality. Similar performance was achieved for laser
linewidths of 63 GHz and 38 GHz, resulting in output powers of
2.18 kW, and 1.7 kW, with transmission efficiencies of 94.5% and
95.3%, respectively. The NANF effectively mitigates nonlinear
SRS and SBS effects from glass. However, at high powers, addi-
tional discrete frequency peaks appear in the output spectrum, due
to rotational SRS from atmospheric nitrogen in the fiber’s core. It
is worth noting that these nonlinear distortions can be suppressed
by filling the fiber core with a non-Raman active gas or by applying
vacuum. However, of interest would be to further study this effect
to develop high-power gas-filled NANF lasers with tailored and
potentially tunable emission wavelenghths.

Our results could pave the way for high-brightness narrow-
linewidth fiber delivery systems for a broad range of applications.
By preserving both the spatial and spectral attributes of the source
at multi-kW power levels, these fibers can be deployed in the laser
manufacturing process to improve volume throughput. NANFs
can also be instrumental in power scaling narrow-linewidth fiber
laser amplifiers, as the output power of such systems is often limited
by SBS originating from the delivery fiber. Finally, NANFs could
enable novel coherent and spectral beam combining architec-
tures by providing an avenue to extend the distance from the laser
sources to the output beam combiner, and to eliminate free-space
optics typically required to transport multi-kW powers.
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