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ABSTRACT

We present a pulsed all-fiber Er/Yb-doped master oscillator power amplifier at 1.55 pm wavelength. In a simple
two-stage amplifier design, the source delivers 140 pJ pulses at 25 kHz and 50 kHz pulse repetition frequency, and
1001J at 100 kHz, with pulse durations of ~10ns and beam quality of M? = 1.3. The MOPA is suitable as a
robust field source for ladar applications, and has been tested in an in-house developed scanning ladar system.
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1. INTRODUCTION

Ladar (laser detection and ranging) systems are finding important applications within 3D imaging for use in
e.g. autonomous vehicles, topographic mapping and remote sensing. The capabilities of a given ladar system is
to a large extent determined by the performance of the laser source, and advances in laser technology enable
new designs and applications. In particular, fiber laser technology has driven the power scaling necessary to
develop sources for high-performance scanning ladar systems with several kilometer detection ranges. Such ladar
systems require several tens of 1J laser pulse energy at several tens of kHz pulse repetition frequency (PRF) with
nanosecond pulse duration and good beam quality. Desirable from an applications point of view, fiber lasers
can be realized in robust “all-fiber” designs, where all components are fused or spliced together. Such lasers are
well protected against mechanical perturbations under harsh operating condition because they are insensitive to
optical misalignment.

Pulsed laser sources with a wavelength of 1.55 pm are attractive for remote sensing applications — since this is
considered to be an “eye-safe” wavelength. Also, the mature technology of erbium-doped fiber lasers and fiber
optic telecommunication has made high-quality components at this wavelength readily available. A common
implementation of pulsed fiber laser sources is as “master oscillator power amplifiers” (MOPAs), due to the power
scalability and flexibility in seeding conditions. By using gain switched diode lasers as the seed, a particularly
high operational flexibility can be obtained, since PRF, pulse duration and pulse shape can be directly controlled
through current modulation.

A number of 1.5 pm fiber lasers reaching several hundred pJ pulse energies have been reported, however for
pulse durations above 100 ns,!»2 with poor beam qualities® or with less desirable free-space optics in the final
amplification stages.* An all-fiber MOPA producing 100 nJ, 5 ns, 100 kHz pulses in a diffraction limited beam
has been demonstrated,® however from a highly complex system consisting of five stages of amplification. A
simpler two-stage MOPA was recently reported,® but the output suffered from high levels of amplified spontaneous
emission (ASE).

We here present a robust all-fiber MOPA at 1.55 nm delivering up to 140 uJ pulse energy at 25 kHz and
50 kHz pulse repetition frequency in a near diffraction limited beam. By seeding with a high power distributed
feedback (DFB) laser diode, we are able to use a simple design of only two stages of amplification — a considerably
reduced complexity compared to reported fiber lasers of similar performance. The combination of high optical
performance and a compact design makes it an attractive source for practical applications such as remote sensing,
and we present first results from integrating the MOPA into a scanning ladar system.
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2. EXPERIMENTAL SETUP
2.1 Laser design

The laser design is illustrated in Figure 1. The master oscillator is a DFB diode generating square pulses of
15 ns duration with a peak power of 100 mW at 1550 nm wavelength. This high-power seed source allows us
to reach sufficient pulse energies to saturate the power amplifier after a single stage of preamplification, while
providing high operational flexibility from being directly current-driven. The preamplifier consists of 7.5 m
Er-doped fiber (Liekki Er16-8/125), which is core-pumped at 976 nm with a grating-stabilized diode laser. The
pump diode delivers 900 mW from a single mode (SM) fiber, and is combined with the seed signal in a fused
wavelength-division multiplexer (WDM). A bandpass filter with a 3 dB bandwidth of 5 nm is used between the
amplification stages to prevent out-of-band ASE from entering the power amplifier. A fiber-coupled isolator is
also included to protect the preamplifier and seed diode from backward feedback. The signal between the stages
is monitored using a fused coupler with a 1:99 coupling ratio.

The power amplifier consists of a mode field adapter, a cladding power stripper and 3 m of Er/Yb-codoped
large mode area fiber (Nufern LMA-EYDF-25P /300-He), which is cladding pumped by a multi mode (MM)
diode laser delivering up to 40 W at 940 nm. The gain fiber is coiled onto an aluminum cylinder with 4 cm
diameter to improve heat dissipation and suppress higher order spatial modes. We use a counter-propagating
pump scheme in order to reduce the effective length for unwanted nonlinear processes. Also, by pumping at
940 nm, the requirement for pump wavelength stabilization is relaxed compared to when pumping at the sharp
976 nm Yb absorption peak. Finally, the output fiber is terminated with an 8° angle cleave to suppress feedback.
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— | [ | DFB
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99:1
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Figure 1. Schematic design of the two-stage all-fiber master-oscillator power-amplifier. Abbreviations are explained in the
text.

2.2 ASE characterization

A free-space acousto-optic modulator (AOM) is used to deflect part of the output beam into the first order of
diffraction in order to time-gate the laser output. The beam deflection is synchronized to the laser pulses, and the
time windows are chosen to contain either only the pulses, or only the ASE signal between pulses. By comparing
the average power in the deflected beam in these two cases, the fraction of the total average power contained in
the pulses is determined, and hence the pulse energies. The AOM setup also enables measurements of optical
spectra for the pulses and background ASE separately.

3. RESULTS AND DISCUSSION

The square seed pulses have a peak power of 100 mW, which corresponds to a pulse energy of 1.5 nJ. Without
accounting for losses in various fiber components in the MOPA, this means for instance that a total gain of 48 dB
is needed to reach 100 J output pulse energy. After the first amplifier stage, we measured the average signal
power to 87 mW at 25 kHz pulse repetition frequency, 130 mW at 50 kHz and 180 mW at 100 kHz. The pulse
shape is only weakly altered in the preamplifier with respect to the seed.
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3.1 Output power

The average output power from the MOPA was measured at 25, 50 and 100 kHz pulse repetition frequencies
(PRFs), and is shown in Figure 2(a). Temporal pulse traces for a selection of the output powers at 50 kHz are
shown in Figure 2(b). The instantaneous power during the pulses has been estimated from the areas below
the pulse traces, scaled to the pulse energies that are determined in Section 3.3. We observe that the output
power is nearly independent of PRF except for a weak roll-off for operation at 25 and 50 kHz. At these PRFs,
the maximum available pump power (40 W) was not used due to the onset of unstable output with significant
pulse-to-pulse fluctuations caused by parasitic lasing. For both PRFs, the fluctuations appeared to emerge at
roughly the same pulse energy of 135 11J, in other words at the same level of inversion in the gain fiber. When
operating at 100 kHz, the output is currently pump limited.
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Figure 2. Average power from the MOPA for operation at different pulse repetition frequencies (a), and temporal pulse
profiles for 50 kHz operation (b). The legend indicates the corresponding average output power.

Compared to the 15 ns square pulses used to seed the laser, the pulses in Figure 2(b) are deformed due to
dynamic gain saturation in the power amplifier, where the leading edge of the pulse is strongly amplified and
depletes the gain for the trailing edge. In the case of the highest output power of 8.7 W at 50 kHz, we measure the
FWHM pulse duration to be 4 ns. Although the effective pulse shortening can be desirable in certain applications,
the peak power increases to undesirable large values that causes unwanted nonlinear effects. We estimate the peak
power of these pulses to ~20 kW, which is far into the regime where nonlinear processes have been encountered
in similar fiber amplifiers.>” A way to circumvent these saturation effects is through seed pulse shaping, which
has been demonstrated in a number fiber MOPAs.89

3.2 Beam quality

We determined the beam quality (M?) of the MOPA from second moments of near- and far-field beam profiles, as
those shown in Figure 3. Although a slight content of higher order modes was evident when squeezing the fiber,
we measured a near diffraction limited beam quality of M? = 1.3 in both x and y-direction. We did not observe
variations in the beam quality at other output powers and pulse repetition frequencies. Good beam quality is an
important feature for long range ladar applications, and the fiber geometry ensures a near symmetrical divergence
in different spatial directions.

3.3 Pulse energy and ASE-content

The fraction of the average output power that corresponds to background signal between pulses was measured
using an acousto-optic modulator as described in Section 2.2, and the results are shown in Figure 4(a). As
expected, the ASE content for a given output power depends strongly on the pulse repetition frequency. Whereas
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Figure 3. Near-field (left) and far-field (right) beam profiles with 40 diameters of 7.0mm and 0.38 mrad, respectively,
giving a beam quality of M? = 1.3. The laser is operated at 50 kHz with 8.7 W output power.

the ASE fraction is around 5 % for the highest output powers at 100 kHz, it is up to 30 % at 25 kHz. Furthermore,
we observe a sharp rise in ASE power for both 25 kHz and 50 kHz PRF starting at average output powers around
4 W and 8 W, respectively. At still higher powers, we experienced large pulse-to-pulse fluctuations from the onset
of parasitic lasing, which currently sets a limit for power scaling at 25 kHz and 50 kHz. The power thresholds
for this effect was found to vary between measurements, which we believe is caused by the high sensitivity to
external feedback from the measurement setup.

Having determined the background ASE content, we obtain the pulse energies for different PRFs and output
powers shown in Figure 4(b). Also indicated in the figure as dashed lines are the pulse energies expected for the
different PRFs in the case of 100 % pulse energy content. The maximum pulse energy obtained is ~1351J before
the rapidly increasing background power prevents further scaling. Notably, the pulse energy is limited to the same
value at both 25 kHz and 50 kHz, whereas the maximum pulse energy at 100 kHz is 100 1J, limited by available
pump power. With additional pump power we anticipate energy scalability towards 135 nJ also at 100 kHz PRF.
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Figure 4. Measured ASE content (a) of the output at different pulse repetition frequencies, and the deduced energies in the
corresponding pulses (b). For reference, the dashed lines in (b) indicate the expected pulse energies in the absence of any
ASE.
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3.4 Spectrum

Figure 5 shows optical spectra of the MOPA measured for different output powers when operating at 50 kHz. The
spectra contains both the pulses and ASE, and the 5 nm band-pass filter used between the amplification stages is
clearly seen as a pedestal feature. Also evident is a drastic change in spectral appearance when comparing the
spectra at 5.6 W and 6.7 W output, where the latter shows symmetric side bands characteristic of modulation
instability. This effect is explained as the nonlinear optical process of degenerate four wave mixing (FWM) that
is phase matched due to self phase modulation,'® and is commonly encountered in high peak power fiber lasers
operating in the anomalous dispersion regime.?”
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Figure 5. Optical spectra from the MOPA when operating at 50 kHz pulse repetition frequency.

-2 —— Pulses only
—— ASE only

. =40+ 8
g

as)

=

go —60 - 8
& M

—80 y
S b "'ﬂ“r""ﬁ\"M

—100

| | | | | | |
1,460 1,490 1,520 1,550 1,580 1,610 1,640
Wavelength (nm)

Figure 6. Optical spectra when time gating the output signal to contain only the pulses or the ASE between pulses. The
MOPA was operated at 50 kHz pulse repetition frequency and 7.5 W output power.

In order to determine if the spectral broadening is caused mainly by nonlinear effects or background ASE, we
time-gated the signal using the AOM-setup described in Section 2.2 to contain only the pulses or only the ASE
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between pulses. The measured spectra are shown in Figure 6, and from comparing with Figure 5, we conclude
that spectral broadening outside the 5 nm band pass filter is predominantly caused by nonlinear effects. The
spectral broadening observed in addition to the FWM side lobes are attributed to an interplay between a variety
of dispersive and nonlinear processes.'% 11

3.5 Ladar

In order to evaluate the MOPA as a laser source for 3D ladar applications, it was integrated into an in-house
developed scanning ladar system. A direct measure of laser performance in this particular setup was obtained by
measuring the average return signal from a distant target. The detection system includes a detector with ~50 MHz
bandwidth and a band pass filter with 25 nm spectral bandwidth. Since the system is insensitive to background
ASE between pulses, only the energy delivered during the pulses and within the filter bandwidth will contribute
to the signal. For comparison, we also performed measurements with a commercial pulsed erbium-doped fiber
laser from LEA Photonics (PEFL-series, custom made), capable of delivering 5 W average power at 1550 nm at
50-200 kHz pulse repetition frequency with ~10 ns pulse duration and with good beam quality. Both lasers were
operated at 54 kHz during the tests, and the measurements were done within a short time span to reduce the
influence of changing atmospheric conditions.

Figure 7 shows the return signal for different output powers, and we observe that the commercial laser gives
5 — 10 % higher return signals for a given average output power. This difference may have several explanations,
including differences in alignment of ladar optics and changes in atmospheric conditions during the measurements.
The pulse energy content of the commercial laser was not characterized in this work, but if the ASE content of
this laser is smaller than the ~10 % measured for our laser, this would also contribute to the slightly larger signal
to output power ratio in Figure 7. Nevertheless, the in-house laser can be operated at higher pulse energies,
which generally will enable 3D imaging at longer distances or of less scattering targets.
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Figure 7. Measured return signal from a distant target after installing the MOPA in a ladar system. Results with a
commercial laser are shown for comparison.

Comparing the ladar measurements to the pulse energies in Figure 4(b), we do not observe a significant roll-off
in return signal that would be expected for output powers above ~8 W. The cause of this is currently under
investigation, but the ASE content and parasitic lasing processes is highly sensitive to external feedback, which
may have differed in the lab- and field measurements. Also, the repetition frequency was slightly higher than
50 kHz, which can have pushed the sharp rise in ASE content to higher output powers.
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4. CONCLUSIONS

In conclusion, we demonstrate a diode-seeded pulsed all-fiber MOPA at 1.55 um. The amplifier delivers pulse
energies up to 140 nJ at 25 and 50 kHz pulse repetition frequencies, limited by amplified spontaneous emission,
and 1001J at 100 kHz, limited by pump power. The pulse durations range from 4 to 15 ns (FWHM) depending
on gain saturation, and the beam quality is M? = 1.3. Our two-stage amplifier design delivers high performance
while maintaining a low system complexity. Combined with a robust all-fiber implementation, the MOPA is
well suited as a versatile field source for remote sensing applications and 3D imaging, and it has been used with
success in an in-house developed scanning ladar system.
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