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Core-diameter adjustment, in analogy to doping management, is proposed in this letter for balancing
thermal load and nonlinear effects. In this scheme, the core-to-cladding ratio increases with increasing
core diameter along the direction of signal and pump propagation. An all-fiber-integrated Yb-doped
master oscillator power amplification (MOPA) is successfully demonstrated. Two segments of fiber with
different core diameters but same inner-cladding diameters and doping levels are spliced together and used
as gain fibers in the last stage. A maximum average output power of 200 W at an overall slope efficiency
of 71% is achieved from the MOPA with a pulse energy of 2 mJ and peak power as high as 80 kW.
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Pulsed fiber master oscillator power amplification
(MOPA) is receiving increasing attention over the past
decade because of its potential advantages, such as effi-
ciency, compactness, reliability, ease of thermal manage-
ment, and high average power levels. Using high-power
or high-energy fiber amplifiers, nanosecond fiber lasers
reach above 100-W average power[1−3] or several milli-
joules per pulse[4−6]. However, a well-known trade-off
exists between minimizing thermal effects and nonlinear
effects, which limits the average and peak powers, re-
spectively. In general, nonlinear effects scale with the
intensity in the fiber core and the propagation length.
Hence, their thresholds can be pushed by using low-
nonlinearity fibers possessing a large core and short ab-
sorption length[7−11]. Recently, high-power fiber ampli-
fiers based on rod-like photonic crystal fibers have been
spectrally combined up to an average power of 1.1 kW[12].
These sources rely on photonic crystal technology, but
these gain media are rigid and mostly rely on free-space
beam propagation. Thermal effects are also not con-
sidered. To balance thermal load and nonlinear effects,
Elahi et al. proposed doping management[13], which
involved varying doping level gain fibers, and demon-
strated a 100-W, 4.5-ps, 100-MHz, all-fiber-integrated
amplifier using discrete doping management, which was
implemented by combining fibers of low-doped and a
high-doped Yb fibers.

However, the absorption of pump power is generally
constrained not only by doping density but also by core-
to-cladding ratios[13]. We propose core-diameter adjust-
ment, in analogy to doping management, to balance ther-
mal load and nonlinear effects. In this scheme, the core-
to-cladding ratio increases with increasing core diameter
along the direction of signal and pump propagation for
forward pumping. Initially, the signal power is at a min-
imum and the pump is at a maximum. Starting with a
lower core-to-cladding ratio ensures that the pump ab-
sorption is lower and the thermal load is reduced, which is
the same as in doping management. Moreover, the small-
est core diameter maintains the highest density of signal

power in the core, which increases the amplification effi-
ciency. With decreased pump power and increased signal
power, the core-to-cladding ratio increases to minimize
the gain length and consequently minimize the nonlinear
effects. An increase in core diameter can further decrease
nonlinear effects. Two segments of fiber with different
core diameters but same inner-cladding diameters and
doping levels are spliced together and used as gain fibers
in the last stage of the laser system. The laser generated
200 W at 100 kHz with a pulse duration of 25 ns from
an all-fiber-integrated amplifier.

Figure 1 shows a schematic diagram of the experimen-
tal setup. The amplifier consists of two gain stages. The
seed laser is a directly modulated diode with a fiber-
cascaded amplification system (Keopsys Inc., France).
In the experiment, the seed laser can provide a maxi-
mum of 2-W average power of a 1 064-nm pulse with
a pulse duration of 25 ns and adjustable repetition fre-
quency of 50–150 kHz. The seed laser output is cou-
pled into the first amplifier stage via an in-line optical

Fig. 1. Schematic diagram of the experimental setup. Inset:
angle-cleaved end cap. YDF: Yb-doped fiber; LMA: large
mode area.
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Fig. 2. Micrograph of a good fusion splice.

isolator. The gain medium of the first-stage amplifier
is a double-cladding (DC) Yb 20/400 µm fiber with a
core and inner-cladding NAs of 0.06 and 0.45, respec-
tively. The fiber is backward-pumped by two 975-nm
fiber-pigtailed diode lasers, each laser can provide 25-W
pump power, through a (6 + 1) × 1 combiner. The max-
imum saturated output power from this stage is 15 W
with a repetition rate of 100 kHz, while the pulse energy
is 150 µJ. The pulse duration is maintained at 25 ns at
this stage.

The output of the first stage is coupled into the signal
fiber of a (6 + 1) × 1 combiner via an in-line high-
power optical isolator. The coupling efficiency is approx-
imately 85%. The power amplifier is a hybrid gain fiber
composed of a DC Yb 30/400 µm fiber and a DC Yb
50/400 µm fiber. The DC Yb 30/400 µm fiber is 3-m
long with 3-dB/m absorption at 976 nm, and the DC
Yb 50/400 µm fiber is 2.5-m long with 5.5-dB/m ab-
sorption at 976 nm. Both fibers have the same core and
inner-cladding NA, which enable very low-loss splicing
between them. Using asymmetrically-fattened splice[14]

and symmetrically-tapered splice[15], the splice loss be-
tween DC Yb 30/400 µm fiber and DC Yb 50/400 µm
fiber is reduced to 0.05 dB. Figure 2 shows a micrograph
of a good fusion splice completed by a Vytran splicer.
Six fiber-coupled pump diodes are used as pump sources.
Each of these diodes provides 50 W of pump power at
the central wavelength of 976 nm. In case of any damage
to the output end, a 1.7-mm-long pure silica fiber end-
cap is spliced to the fiber to reduce the power density
of the amplifier fiber. The end-cap is cut into a slope
of 8◦ to eliminate the amplified spontaneous emission
(ASE) and self-oscillation effect, as shown in the inset
of Fig. 1. This all-fiber-integrated amplifier has efficient
pump power conversion as well as a compact and steady
structure.

The amplification of the hybrid gain fibers (named fiber
A) is compared with a 4-m-long DC Yb 50/400 µm fiber
(named fiber B), which is used in the final stage instead.
Figure 3 shows the measured power scaling behaviors of
these two kinds of fiber. The output power of fiber B is
lower than that of fiber A. This result is attributed to
the strong gain saturation at the beginning of fiber B,
where the signal power is lowest and the pump is high-
est. Gain saturation is weak at the beginning of fiber A
because of the highest density of signal power in the core
and the lower pump absorption. Fiber B is damaged by
thermal effect when pump power exceeds 200 W. The
surface temperature of the gain fiber is measured with
a thermal infrared imager (NEC TH9100WRI) under
the same fiber cooling conditions when pump power is
150 W. The temperature distribution along fiber A is
essentially uniform. The highest temperature is only 58

◦C, which is located at the splice point between the DC
Yb 30/400 µm fiber and the DC Yb 50/400 µm fiber.
The temperature distribution obviously varies along fiber
B and approximately decays exponentially. The highest
temperature is 92 ◦C and the high-temperature region
is mainly focused on the first 1 m because of the high
absorption of pump power. This thermal effect is a great
challenge for fiber cooling.

Finally, using hybrid gain fiber, a maximum average
output power of 200 W is obtained at a launched pump
power of 275 W with a slope efficiency of 71%, as plotted
in Fig. 3. The laser power linearly increases with the
pump power and shows no evidence of roll-over even at
the highest output power. The maximum output power
is limited to the available pump power. The surface tem-
perature of the gain fiber is also measured. The highest
temperature of the gain fiber is maintained below 65 ◦C
at maximum output. Figure 4 shows the spectra of the
pulses at maximum output power. The spectral band-
width increases because of self-phase modulation (SPM),
as discussed in Refs. [16,17]. However, no signs of stim-
ulated Raman scattering (SRS) and ASE are observed
even when the MOPA is running at an output power of
200 W. Figure 5 shows the comparison of pulse shapes
with seed source when the output power reaches 100 and
200 W, respectively. The leading edge of the output
pulses increases with increasing output power. These
results are due to the fact that the gain of the pulse rise
edge is often higher than the gain of the pulse fall edge
in a fiber MOPA system. Pulse distortion is observed at
the maximum output power because of SPM.

Fig. 3. Output power versus pump power of the two kinds of
gain fibers.

Fig. 4. Spectrum of the output.
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Fig. 5. Pulse shape of seed and output pulse at 100 and
200 W.

In conclusion, an all-fiber-integrated Yb-doped MOPA
is successfully demonstrated. In this laser, two segments
of fiber with different core diameters but with the same
inner-cladding diameters and doping levels are spliced
together and used as gain fibers in the last stage. This
scheme is referred to as core diameter adjustment, which
serves to minimize thermal load and nonlinear effects.
The constructed laser system achieves a maximum aver-
age output power of 200 W at an overall slope efficiency
of 71%. This system has a pulse energy of 2 mJ and peak
power as high as 80 kW. Such a high-average-power and
high repetition-rate nanosecond-pulsed laser with con-
siderable pulse energies is desirable for many industrial
high-speed material processing applications such as cut-
ting, welding, and drilling.
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