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ABSTRACT

The European HALLOA project aims to develop a space-borne Light Detection and Ranging (LIDAR) system
based on the Differential Absorption LIDAR (DIAL), for greenhouse gas monitoring at 2051 nm, corresponding
to the CO2 and H2O absorption lines. The overall laser architecture combines fiber and bulk amplification
stages within a Master Oscillator Power Amplifier (MOPA) configuration seeded by a dual narrow linewidth
diode source. It relies mostly on European components. The fiber amplification stage, developed by KEOPSYS
INDUSTRIES, is designed to emit double pulses separated by 300 µs, each delivering 50 µJ at a repetition rate
of 500 Hz and a pulse duration of 200 ns. The main limitation is the nonlinear stimulated Brillouin scattering
(SBS) effect, which occurs at high optical intensities in the fiber core and depends on the length and the effective
area of the guided mode. The pulsed signal is amplified through two successive thulium-doped fiber stages
cladding-pumped at 793 nm. The amplifier was operated beyond its nominal conditions to investigate its limits.
Limited by SBS, a maximum pulse energy of 116 µJ was achieved, corresponding to a peak power of 579.8 W
for a pulse duration of 204 ns. This performance is achieved without applying mechanical strain to the doped
fiber, a technique commonly used to increase the SBS threshold but not suitable for space applications.
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1. INTRODUCTION

In recent years, thulium-doped fiber amplifiers (TDFAs) have attracted significant attention owing to their
high optical performance, compact architecture, excellent beam quality, and high quantum efficiency 1, 2. The
availability of high-energy operation has led to the development of applications in various fields, including medical
applications, gas monitoring, advanced spectroscopy, and defense. Thulium ion (Tm3+) offers a broad transition
3F4→3H6 extending from 1.7 to 2.1 µm 3,4, as shown in the figure 1a.

Thulium-doped fibers exhibit three main pump bands, one centered at 793 nm, another around 1220 nm,
and one broad absorption band extending from 1550 to 1750 nm. For these pump bands there are several
efficient laser sources, In this work, we use multi-mode laser diodes at 793 nm. At this wavelength the peak core
absorption is high and wide, typically a full width at half maximum (FWHM) of 17 nm. These characteristics are
compatible with high-powerbroadband multimode laser diodes in clad pumping configuration. Furthermore, one
of the objectives of the HALLOA project is the development of a European distributed Bragg reflector (DBR)
pump diode by Lumibird Photonics Italia (LPI), a company part of the Lumibird group.

Combining thulium-doped fiber emission around 2051 nm with satellite based LIDAR techniques enables
accurate measurement of atmospheric greenhouse gas concentrations on global scale. The wavelength choice
is driven by the high absorption peak of the greenhouse gases CO2 and H2O 4, 6, as well as by atmospheric
transparency and eye safety 5,7. The technology employed is the DIAL LIDAR which measures greenhouse gas
concentrations based on their spectral absorption. Two pulses at different but close wavelength are sent into the
atmosphere. One of these pulses named ON is absorbed by the target gas, whereas the other, named OFF, is not.
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Figure 1: Diagram (a): Cross sections of the thulium-doped fiber. Ground State Absorption refers to absorption
from the ground state 3H6, while Excited State Absorption refers to absorption from excited states such as 3F4

3.
Diagram (b): Simplified energy diagram of Tm3+ in silica, showing the first eight energy levels and the wave-
lengths corresponding to emission (left) and absorption (right) from the respective levels. Each energy level is
divided into sub-levels due to the Stark effect 5.

A fraction of these emissions is collected by the telescope and by comparing the two pulses, the concentration of
the target gas can be determined 8,9. This technique typically requires pulse energies in the millijoule range. For
the HALLOA project, the laser’s operating point is defined by the LIDAR mission (determined by Laboratoire
de Météorologie Dynamique (LMD) and ONERA), its requires 200 ns pulse at 500 Hz with 50 µJ per pulse at
the output of the fiber amplifier. To achieve millijoule-level pulse energies, a bulk amplifier based on Ho:YLF
crystals developed by ONERA and LMD will be placed after the fiber amplifier.

For 2051 nm lasers employed in airborne and space-borne remote sensing systems for greenhouse gas detection,
all-fiber lasers are considered highly attractive due to their lightweight architecture, compact footprint, and robust
resilience to environmental fluctuations. Compared with bulk lasers, TDFAs offer distinct advantages in thermal
management, energy conversion efficiency, flexible integration, and operational stability. The counter part is the
limited available energy due to the nonlinear effect limitation such as SBS. The SBS effect is a nonlinear acousto-
optic interaction in which an intense optical wave transfers part of its energy to an acoustic wave, resulting in
a change in the refractive index 10. When this phenomenon occurs, some of the optical power is back-scattered
which can damage the system. The SBS threshold depends on the Brillouin gain, the length and the area of the
optical fiber. To describe the evolution of the SBS threshold power, it can be approximated by the equation 1.

Pth =
21×K ×Aeff

gB × Leff
(1)

With Pth the threshold power, the polarization coefficient K (K=1 on the polarization-maintaining (PM)
fibers and 3/2 on non PM fiber), Aeff the mode field area, gB the Brillouin gain (gB ≈ 5.10−11 m.W−1) and
Leff the effective optical fiber length 10, 11. As the fiber length increases, the SBS threshold power decreases,
whereas increasing the core area raises the threshold. This is why multistage architectures combining doped
fibers with different core diameters are often employed. To achieve millijoule-level pulses energies, as in the
HALLOA project, hybrid laser which combined fiber and bulk amplifier is used to target counter measurement,
long range detection, telemetry, and space applications. These characteristics make such architectures an ideal
choice for applications demanding high reliability and environmental robustness. In recent years, the European
geostrategic landscape has changed significantly. European sovereignty in strategic supply chains and critical
technologies has become an increasingly important priority. For this reason, as part of the HALLOA project,
efforts were made to identify and secure European suppliers.

In this study, we present a complete TRL 6 space-grade module based on a high-energy TDFA, featuring a
simple architecture operating at 2051 nm and designed to meet European sovereignty requirements. The system
achieves a maximum output pulse energy of 116 µJ from the final amplifier stage at a repetition frequency



of 500 Hz and stable linearly polarized beam (polarization extinction ratio (PER) more than 15 dB). At the
energy of 50 µJ, a beam quality factor M2 of 1.1 is measured. The laser exhibits excellent operational stability,
maintaining its maximum output energy over sixteen hours of continuous operation.

2. EXPERIMENTAL SETUP

The optical setup is divided into several amplification stages, as shown in figure 2. In the first part, the 2051 nm
signal is amplified to 33 dBm in continuous wave regime and then passes through an acousto-optic modulator
(AOM) to generate the pulsed signal. The AOM is driven to generate a Gaussian pulse shape of 200 ns FWHM
at 500 Hz repetition rate.
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Figure 2: Synoptic of the multiple fibers stages amplifier

The first stage consists of a 7.5 m long 10/130 µm thulium-doped fiber, counter-pumped through the cladding
using KEOPSYS INDUSTRIES 105/125 µm hermetic pump diodes at 793 nm. Dual-stage optical isolators (ISO)
are placed on either side of the fiber to protect the system from potential signal back-reflections. To limit the onset
of SBS caused by excessive fiber length of small core fibers, the length of passive fiber between the components
of the two amplification stages is minimized. Our goal is to maintain maximum fiber length of 80 cm between
each component (this length cannot be significantly reduced due to the limitations imposed by our fiber-optic
fusion splicing and recoating equipment).

The low PRF of 500 Hz imposes a significant constraint on the amplification efficiency. The upper laser
level 3F4, from which stimulated emission occurs, has a lifetime of approximately 400 µs, corresponding to a
characteristic decay frequency of about 2.5 kHz, nearly five times higher than the 500 Hz pulse repetition rate.
Consequently, a significant fraction of the excited thulium ions relaxes spontaneously between successive pulses,
limiting the population inversion available for signal amplification and increasing the amplified spontaneous
emission (ASE) generated in the doped fiber. To suppress this ASE and prevent self-lasing in the second stage, a
filter is placed after the second isolator. Most high-gain fiber amplifiers, such as low-noise optical amplifiers, use
fiber Bragg gratings (FBGs) combined with optical circulator to suppress ASE 4, 5. This approach introduces
additional insertion losses, requires precise temperature control to maintain the FBG at the target wavelength,
and adds extra splices to the optical chain. Instead, a dichroic filter was selected, offering a lower extinction ratio
than a typical FBG (≈27 dB, see figure 3b) but sufficient for our system. In addition, this filter offers a passband
of 7 nm centered at 2051 nm which is well suited to the spectral requirements of the DIAL system employed for
the HALLOA project. A 90/10 % 2×2 optical coupler is used to monitor both stages with photodiodes, allowing
the average power at the output of the first stage and the potential back-scattered power from the second stage
to be measured. The 90/10 % coupling ratio was selected because of the low average optical power.

A Mode Field Adapter (MFA) developed by KEOPSYS INDUSTRIES is used to optimally inject the beam
from the 10/130 µm fiber into the LP01 mode of the 20/250 µm large mode aera (LMA) fiber of the second stage
without exciting higher-order modes (HOMs). This allows to keep a low M2 factor. The second stage consists of
a 4.5 m long 20/250 µm thulium-doped fiber, cladding co-pumped using KEOPSYS INDUSTRIES 200/220 µm
hermetic pump diodes at 793 nm, with optical chips developed by LPI. By enlarging the fiber core area, the SBS
threshold is raised, allowing the signal power to be further increased. To filter the input beam and prevent the
amplification of HOMs, the doped LMA fiber is coiled to a diameter of 7 cm. An 80 cm long optical pigtail is
used at the output to guide the beam the bulk amplifier.

Each component of the architecture will be qualified for space applications by Laser Zentrum Hannover
(LZH), one of the partners in the HALLOA project. The environmental qualification tests will include shock,
vibration, thermal cycling and radiation testing (proton irradiation for the pump diodes and gamma irradiation
for the fiber amplifier) to ensure the reliability and robustness of the system.



3. EXPERIMENTAL RESULTS AND ANALYSIS

In this section, the experimental results obtained from the two amplification stages are presented and analyzed,
with particular emphasis on the output power (peak and average), pulse energy, optical spectrum, pulse shape,
and beam quality. The optical pulse energy is increased until the SBS threshold is reached. The onset of SBS is
monitored using the optical coupler through two parameters: the temporal stability of the output pulse and the
evolution of the back-scattered power. The SBS threshold is identified when the output pulse becomes temporally
unstable or distorted and the back-scattered power exhibits an exponential increase.

For the first amplification stage, the 10/130 µm thulium-doped fiber is cladding counter-pumped using
105/125 µm hermetic pump diodes at 793 nm, providing up to 12.4 W of available pump power. At a PRF
of 500 Hz, the SBS threshold is reached at a peak power of 61.9 W with a pulse duration of 204 ns, corre-
sponding to a pulse energy of 12.4 µJ and an optical gain of 29.5 dB. The measurement was performed after
the second isolator, which introduces 1.4 dB of insertion loss and is followed by 160 cm of passive fiber. Under
these conditions, the first stage is limited by SBS rather than by the available pump power. Figure 3a shows the
evolution of the output peak power and the average back-scattered power as a function of pump power. When
assembling the first stage, an optical coupler was placed between the first isolator and the doped fiber to measure
the back-scattered power. The back-scattered power remains low and stable up to approximately 4 W of pump
power, above which it increases exponentially, a signature characteristic of the onset of SBS.

Taking into account the losses introduced by the optical components and the passive fiber length between
the two amplification stages, the first stage is operated at a peak power of 30 W after the second isolator. This
corresponds to an operating point approximately 50 % below the measured SBS threshold in terms of peak power,
providing sufficient input power to the second stage while maintaining a safe operating margin with respect to
SBS.
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Figure 3: Diagram (a): Evolution of the output peak power and average back-scattered power as a function of
pump power at a PRF of 500 Hz frequency rate and a FWHM of 200 ns, measured at the output of the second
isolator. Diagram (b): Comparison of the spectrum before and after the filter for 500 Hz and pump power of
4 W.

At this operating point, the optical signal-to-noise ratio (OSNR) is approximately 5 dB at the isolator output.
Figure 3b shows the optical spectrum measured before (blue) and after (red) the dichroic filter. The filter provides
approximately 27 dB of attenuation outside its 7 nm transmission band, significantly improving the OSNR from
approximately 5 dB to approximately 25 dB, thereby removing most of the ASE before the second amplification
stage.

For the second amplification stage, the 20/250 µm thulium-doped fiber is cladding co-pumped using 200/220 µm
hermetic pump diodes at 793 nm, providing up to 25.3 W of available pump power. Using the same configuration
as the first stage, a maximum peak power of 579.8 W is achieved, corresponding to a pulse energy of 116 µJ
and an optical gain of 14.33 dB at a pump power of 15.2 W. Figure 4a shows the evolution of the output peak
power and the back-scattered power as a function of pump power. As in the first stage, the back-scattered power



remains stable up to a pump power of 14.7 W, above which it increases exponentially, marking the onset of SBS
and setting the ultimate power limit of the amplifier. Figure 4b shows the optical spectrum at the amplifier
output, with an OSNR of approximately 23 dB. As in the first stage, additional ASE is generated within the
second doped fiber, although at a proportion that remains negligible with respect to the amplified signal. The
spectral lines observed below the signal wavelength result from the low PRF of 500 Hz, which limits the number
of points integrated by the optical spectrum analyzer (OSA).
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Figure 4: All the configurations are at PRF of 500 Hz and a FWHM of 200 ns. Diagram (a): Evolution of the
output peak power and the average back-scattered power as a function of pump power. Diagram (b): Optical
output spectrum.

The temporal pulse shape at the amplifier output is shown in figure 5a. The pulse exhibits a Gaussian profile
with a FWHM of 200 ns, in line with the target pulse duration, and a slight increase voltage compare to the low
level is attributed to the generation of ASE between pulses. A M2 of 1.1 is measured at the amplifier output,
confirming efficient LP01 mode injection through the MFA from the 10 µm to the 20 µm core fiber and validating
the essential beam quality required for DIAL system. A PER greater than 15 dB is also measured. Furthermore,
a 16-hour stability test was performed under the target operating conditions of the HALLOA project (figure
5b), at 50 µJ pulse energy and a PRF of 500 Hz, corresponding to an average output power of 25.7 mW. The
measured RMS fluctuation was 2.7 %, demonstrating the long-term stability and robustness of the setup for
space applications.
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Figure 5: All the configurations are at PRF of 500 Hz and a FWHM of 200 ns. Diagram (a): Gaussian pulse
shape at the output. Diagram (b): Amplifier stability at 50 µJ output.

These results demonstrate a two-stage thulium-doped fiber amplifier delivering up to 116 µJ per pulse at
500 Hz PRF, more than twice the 50 µJ target energy specified for the HALLOA project, while maintaining a
great beam quality, a PER above 15 dB, and long-term stability (2.7 % RMS over 16 hours) compatible with



space operation requirements. In both amplification stages, the achievable performance is ultimately constrained
by SBS rather than by pump power availability, confirming that nonlinear effects represent the primary limitation
for this architecture at 2051 nm.

The dichroic filtering approach adopted between the two stages proved effective in mitigating ASE build-up
resulting from the low PRF and the long upper-state lifetime of thulium. Improving the OSNR from approxi-
mately 5 dB to 25 dB while avoiding the additional losses, thermal sensitivity, and splicing complexity associated
with a conventional circulator/FBG filtering system. This result supports dichroic filtering as a viable, space-
compatible alternative for ASE suppression in low-PRF thulium-doped fiber amplifiers.

These performances were obtained without applying mechanical strain to the doped fiber, a technique com-
monly used to raise the SBS threshold but unsuitable for space applications due to long-term reliability and
mechanical stability constraints 5.

4. CONCLUSION

This study presented the development and characterization of a two-stage thulium-doped fiber amplifier, designed
to meet the requirements of the HALLOA project. The proposed architecture, based mainly on European
components, demonstrated performance exceeding the specifications: a pulse energy of 116 µJ was achieved,
more than twice the 50 µJ target, while maintaining excellent beam quality (M2 = 1.1), a polarization extinction
ratio above 15 dB, and good long-term stability (2.7 % RMS fluctuation over 16 hours of continuous operation).

The results confirm that stimulated Brillouin scattering constitutes the main limiting factor of both amplifi-
cation stages, the available pump power not being the restrictive factor. This limitation was managed without
resorting to mechanical strain on the doped fiber, a technique commonly used to raise the SBS threshold but
unsuitable for space applications.

This module, qualified at TRL 6, thus constitutes a key and sovereign technological building block for the
complete laser chain of the HALLOA project. Immediate perspectives include the environmental qualification
of the module by LZH (shock, vibration, thermal cycling, and irradiation testing), as well as its integration with
the Ho:YLF bulk crystal amplifier developed by ONERA and LMD, in order to reach the millijoule-level energies
required for DIAL measurement of atmospheric CO2 and H2O concentrations from space.
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