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> FIBER LASERS

3C optical fibers improve
large-mode-area MOPA designs

TIMOTHY S. MCCOMB, JOONA J. KOPONEN, ROBERT J. MARTINSEN, and MICHAEL ATCHLEY

Chirally coupled core (3C) optical
fibers allow large-mode areas, near-
diffraction-limited beam quality, and
effectively zero modal pointing, owing
to designed-in higher-order-mode

(HOM) suppression.

High-precision laser materials process-
ing applications typically require sub-
nanosecond pulses with high peak and
average powers. Furthermore, those
high peak powers must be applied in
small focal spots with extreme consis-
tency; consequently, near-diffraction-
limited beam quality is crucial. This
beam quality is not simply captured
by the ubiquitous M squared (M2) pa-
rameter, but also includes quantifica-
tion of beam circularity through the
focal range, beam pointing over time,
and power stability.

Without all of these parameters work-
ing in unison, most laser processes will

FIGURE 1. Chirally coupled
core (3C) optical fiber mode
propagation (a), a 33 um core-

diameter fiber image (b), simulated
modal loss vs. wavelength for the
two lowest fiber modes (c), and
mode beat analysis for well-aligned

and offset 33 um fibers are shown.
A spectral beating analysis that
looks at the magnitude of fiber
mode beating as a function of
misalignment of a launched signal
shows effectively no beat, indicating
high-purity single-mode operation.

struggle to achieve the
desired performance.
A fiber master oscil-
lator power amplifier
(MOPA) can meet the
needs of such applica-
tions by coupling two
critical components:
temporally agile, highly stable short-
pulse seed lasers and large-mode-area
(LMA) optical fiber technologies.
Several state-of-the-art LMA fiber
types enable high-peak-power perfor-
mance by scaling mode area to increase
the threshold for the onset of nonlin-
ear effects, but often these technol-
ogies struggle to meet the most de-
manding beam quality parameters
over long system lifetimes. Those that

do meet beam quality requirements
are generally complex and costly to
work with due to the need for free-
space optics and high-precision cou-
pling into fibers often containing air-
based microstructures.

Fortunately, chirally coupled core
(3C) optical fibers can overcome these
LMA limitations. Coupling nLIGHT’s
patented 3C fibers with a short-pulse-
seed semiconductor laser platform re-
sults in a picosecond-class pulsed fi-
ber laser MOPA with flexible pulse
duration, repetition rate, and pulse
burst size.

3C fiber architecture
With a large central core doped with the
desired gain medium and surrounded
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» FIBER LASERS continued

by one or several satellite cores, 3C fi-
bers are spun during the drawing pro-
cess at high rates, causing the satellite
cores to orbit the main core along the
fiber length with a pitch on the order of
a few millimeters. The pitch of the helix
period can create a quasi-phase-match-
ing condition between the modes of the
main core and those of the satellite core
where strong coupling between the two
occurs (assuming the two cores are in
evanescent contact).

This strong-coupling condition is
expressed by Pmc-Bsc+m-2n/A = 0,
where B is the propagation constant of
the main core or side core and A is the
helix pitch.!:2 Fibers can be designed
such that the fundamental mode of the
main core experiences low loss from this
process, while the higher-order modes
(HOMs) in the main core are strongly
coupled to the side core(s), where they
are radiated away to the cladding. The
result is a fiber that can have tens of
dB/m HOM suppression, resulting in
effectively pure single-mode operation
(see Fig. 1).

With typical M2 < 1.15 and core circu-
larity of 95% or better, 3C beam quali-
ty is often limited by measurement error.
Life testing of 33 pm core 3C fibers for a
continuous 4500 hours to date with hun-
dreds of kilowatts of peak power shows
no signs of beam quality change or sub-
stantial power degradation thanks to
nLIGHT’s low-photodarkening ytter-
bium (Yb)-doped glass.

As mentioned earlier, modally induced
pointing effects are also mitigated in 3C
fiber due to their high-purity fundamen-
tal mode operation. The typical high-
ly circular output near-field profile and
plots of beam position within the fiber
core versus power indicate minimal dy-
namic modal-induced pointing in the sys-
tem (see Fig. 2).

Pointing was measured at a total of
eight different power settings in approx-
imately 2.4 W steps from seed only up to
19.2 W. The beam centroid was tracked
for 30 s at each point by the camera
software and points at 0.5 s sampling
rate were recorded in the plot for the

approximately 4 min. total test resulting
in a maximum mode deviation of 0.5 pm
in any direction, corresponding to 1.8%
of the mode field diameter.

This pointing was not measured in
a fully packaged system, but rather on
a lab breadboard system with the fiber
tip secured by tape and cantilevered off
the mounting base. It is likely that much
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FIGURE 2. The output beam is shown from
a 50 ps, 1 MHz laser at 19.2 W (> 300 kW
peak) output power (a). Mode motion of

the beam centroid is shown (b) as power is
increased from seed only to 19.2 W with 30
s of sampling at each power point on a lab
bench system. A 10X zoom of the data from
(b) is shown in (c).
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of the measured motion versus power
in the y-direction is due to thermal ef-
fects on the minimally secured fiber.
The x-direction motion is of similar
magnitude to the accuracy of the mea-
surement system (around 0.1lpm mea-
surement accuracy and about 0.3pm
maximum motion), so modal-induced
beam motion is effectively negligible
and would be reduced further in a pack-
aged system.

In other publications, 33 pm core 3C
fibers have reportedly shown > 511 W
continuous-wave (CW) output powers
and multi-millijoule pulse energies for
10 ns pulses.? In our work, we concen-
trate on their capacity for achieving high
peak powers with modest, tens-of-watts
average power and their utility in ampli-
fication of bursts of pulses.

3C MOPA performance

Minimal impact on laser efficiency com-
pared to conventional fiber technology
was noted when testing under a variety of
single-pulse and multiple-pulse regimes
for a wide range of pulse durations and
pulse repetition frequencies from 50 ps to
1 ns and tens of kilohertz to megahertz,
respectively, using 33 pm 3C fiber incor-
porated into a MOPA with the pulsed
fiber laser (PFL) seed architecture (con-
sisting of nLIGHT’s single-emitter di-
ode laser modules and low-photodarken-
ing fibers). Power scaling to 45 W yields
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FIGURE 3. Laser slope to 45 W with
cladding light filtered out is shown in red
while percentage of cladding light relative to
total unfiltered laser power is shown in blue.
The slight roll in the final point is an artifact
caused by alignment drift in the lab data
acquisition system.

Laser Focus World

about 73% slope efficiency and 65% ab-
solute optical-to-optical power conver-
sion for a 1 ns seed laser running at 1
MHz (see Fig. 3).

Inherent to the nature of 3C fiber, there
is a small background loss on the LP01
mode caused by fabrication imperfec-
tions; in addition, there is slight bend-in-
duced loss—both on the order of a few
tenths of a dB/m. These losses result in
cladding light being generated by the dis-
tributed losses along the fiber. In these
experiments, cladding light is not includ-
ed in reported powers, as it is filtered out
by a hard aperture placed in a re-imaged
near-field of the beam.

In the arrangement used for these
experiments (30 cm fiber coiling di-
ameter), the cladding light is approx-
imately 6% of total power, with rela-
tively constant value from low to high
amplifier power. The one exception is
that in the unpumped state, clad light

> FIBER LASERS continued

is close to 40%. This stems from dif-
ferential losses on the clad and core
light caused by Yb absorption and also
by light launched from a mismatched
splice at the input of the amplifier. The
constant value of cladding light content
when pumped indicates that operation
at high powers does not create addition-
al HOMs via thermal effects or other
perturbation, and thermal effects are
not required at low powers to maintain
high beam quality, unlike other types
of LMA fiber technologies.

The net effect of high-gain opera-
tion and the slight bend-induced and
fiber-structure-induced background
losses are the cause for the lower-than-
quantum-defect-limited amplifier per-
formance. It should also be noted that
beam quality remains near-diffraction
limited with M2 < 1.15 and beam circu-
larity effectively unchanged at all out-
put power levels.
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A semiconductor-
based PFL seed sys-
tem produces ad-
justable-duration,
arbitrary-repetition-
rate pulses on de-
mand with high sta-
bility and minimal
pulse distortion dur-
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Although large-
core 3C fibers allow
significant energy
storage with multi-
millijoule energy extraction possible,
short single-pulse mode peak power lim-
its energy to several hundred microjoules;
fortunately, short-pulse burst-mode oper-
ation can make full use of this stored en-
ergy. Furthermore, when a narrowband
spectral filter is applied to the pulses, they
do not change shape or decrease in pow-
er, indicating that all spectral power is
in-band of the fundamental 1064 nm
wavelength using a 4 nm bandpass filter.

The limiting nonlinear effect for
properly aligned 3C fibers is stimulat-
ed Raman scattering (SRS), which is a
typical phenomenon in all high-peak-
power LM A-fiber-based MOPA systems
in the picosecond and low-nanosecond

frequencies (b).

range. Depending on the pulse duration
in the 50 ps to 1 ns regime, self-phase
modulation can also be a strong effect.
Spectral broadening on the order of 4
nm at 15 dB width occurs at 300 kW
and 50 ps, while only small broadening
is observed in 1 ns class pulses.

The relatively narrow spectrum and

FIGURE 4. PFL pulses exhibit high-energy and temporal stability
(a). Single pulses can be amplified to approximately 300 kW
peak power for 33 um 3C MOPA at a variety of pulse repetition

stable polarization properties of 3C suit
frequency conversion to green and ultra-
violet wavelengths; in addition, we re-
cently fabricated larger 55 pm core 3C
fibers that are expected to approach the
megawatt peak power regime with ex-
cellent near-diffraction-limited beam
quality over time, with even further
power scaling on the horizon. <
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