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Abstract: A simple and straightforward technique is presented as a novel temporally controllable
front-end for nanosecond very-high energy laser systems. It is based on an original utilization
of a semiconductor optical amplifier (SOA) used as an intensity modulator. The essential
characteristics of the component are analyzed in order to evaluate potential limitations. Various
parameters of interest for standard operation are displayed, demonstrating its usability and its
effectiveness. We demonstrate arbitrary and controllable pulse temporal profiles with duration
ranging from 1 nanosecond to 100 nanoseconds and a temporal precision of 1.1 ns. A high
extinction ratio is also achieved ensuring a modulation contrast up to 53 dB. The SOA is then
integrated into an existing operating system in an ultra-compact, reliable all-fibered system. It is
used to seed a 2*200 J laser system, exhibiting excellent performance, and validating its usability
under operation conditions without any detrimental effects.

© 2024 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

The development of high-energy lasers in the nanosecond regime is a subject of significant
interest for numerous scientific and industrial applications. These lasers enable precise energy
deposition on targets with high temporal and spatial concentration. Lasers ranging from the 100s
of mJ energy level and beyond are used for material treatment processes [1], enhancing metal
resistance to deformation and corrosion. Additionally, they are also the most widely used pump
source for Ti:Sa femtosecond [2,3] and OPCPA [4,5] laser amplifiers. Laser sources with energy
levels ranging from the joule level up to several kilojoules find application in plasma physics
and shock physics experiments, as they allow generation of extreme pressure and temperature
conditions during short amount of time [6,7]. Recent advancements have shown that combining
hundreds of kilojoule class lasers is one of the most promising ways for achieving controllable
nuclear fusion by inertial confinement fusion [8].

Laser sources for the aforementioned applications are mainly based on a moderate-energy
front end followed by increasing amplifiers (in size and in energy). The temporal properties of
the entire chain are usually imposed by its front end. Two classical front-end architectures are
typically used: energetic Q-switch lasers or low-energy modulated seeder. Q-switched lasers are
the easiest way of achieving high energies with a simple optical configuration and good extraction
efficiency. However, the properties of the output laser beam can be hard to control. In particular,
the temporal profile of the laser, and with that, the energy deposition through time on target, is
largely determined by the cavity geometry, the pumping power, and the gain medium. Several
temporal profiles of interest are therefore inaccessible with this kind of design. On the other hand,
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a low-energy laser impulsion (seed) with tailored properties can be subsequently amplified to
reach the desired energy. Most of the properties of the output high energy pulses are then mainly
dependent on the seeders and are easily controllable at low energy. In particular, it is possible
to control the output pulse temporal profile using several modulation techniques while taking
into account the gain saturation compensation in the amplifiers [9]. Despite a higher complexity,
the controllable seeders offer more versatility than Q-switched lasers and are often required or
preferred for several applications such as dynamic shock compression [10], damage threshold
testing [11], laser material processing [12] or diverse parametric study of laser matter interaction
and nonlinear effects in the transient regime. Several components and techniques are available in
the literature to perform temporal modulation [13–21]. The main characteristics of interest sough
after each of these components are the following: The modulation speed of a component defines
the pulse shape accuracy and the minimal rise and fall time of the generated temporal shapes. For
some applications, the requirements range from a few nanoseconds down to a hundred picosecond.
The modulation contrast characterizes the difference between the minimal and maximal power
achievable and should be maximized. The components spectral properties are also significant
and to be considered since applications can demand either narrow spectrum properties [16], or
broader bandwidth. To date, the solution used in most high energy laser facilities consists of
acousto-optic modulators (AOM) and electro-optics modulators (EOM) placed in series. AOMs
present high contrast (70 dB) with slow modulation time (10 ns) [17,18], while EOMs are able to
modulate light in the range of 35 dB with fast modulation time (100 ps). A typical oscillator
using those components consists of a CW laser gated by an AOM, generating flat-top pulses of
desired duration and high contrast. The light is then further modulated by one or several EOMs
to reach the desired temporal shape with high modulation speed and significant contrast. Such
systems have been experimentally demonstrated and present outstanding performances in many
high-energy laser facilities albeit relatively high complexity and costs [19,20].

Here, we present a novel modulation technique for high energy lasers based on a Semiconductor
Optical Amplifier (SOA) [22]. This component is composed of a semiconductor gain medium
with anti-reflection coating at both ends. By placing it at the output of a CW laser system, the
SOA acts as an amplifier when driven with current above semiconductor threshold and as a
high-extinction-ratio absorber when not alimented. Combining those two modes of operation
(amplifier and absorber) allows to generate arbitrary temporal pulse shapes with high contrast
and address all the described applications with a cost several times lower than state-of-the-art
solutions and easy implementation.

2. SOA for gain modulation

In order to use an SOA as seeder in a high energy master oscillator power amplifier system (MOPA),
its properties are checked to ensure the absence of detrimental effects during the propagation of
the laser pulse in the amplifiers. In this work, the SOA and driver used are a PPL512-SOA-1064
from PicoQuant which integrates an SOA-1060-90-PM-30 DB from Innolume. A schematic of
the system as well as a picture of the fiber part of the system is shown in Fig. 1.

Firstly, the spectral properties are checked. In particular, two properties are deemed of
significant importance: the spectral bandwidth accessibility of the component and the conservation
of spectral purity. On the one hand, a large gain spectral bandwidth is crucial for broad spectrum
amplification used for plasma smoothing in fusion experiments [23] or to avoid transversal
stimulated Brillouin scattering in large scale optical components [24]. Large spectral bandwidth
also allows for amplification of incoherent amplified stimulated emission (ASE) without spectral
narrowing or FM-AM conversion. In the case of the SOA, the amplification spectrum bandwidth
is measured by direct observation of the unseeded SOA’s ASE in an optical spectrum analyzer
(MS9740A from Anristu with 0.03 nm resolution bandwidth).
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Fig. 1. (a) Schematics of an SOA used as an all-fibered temporal-shaper MOPA seeder.
(b) Picture of the compact, integrated all-fibered optical arbitrary waveform generator SOA
system used in this experiment. On the right, a distributed feedback narrow-linewidth (DFB)
laser diode with 100 kHz linewidth and an SMSR of 45 dB, on the left, an SOA modulator.
The optical signal in the seeder system is transmitted by PM980-fibers to be simply injected
at the input of the chain (free space injection not shown in the picture)

The spectrum bandwidth is found to be extremely large with a FWHM of 39.2 nm as shown in
Fig. 2(a). In particular, the component is compatible with the 1030 nm, 1053 nm and 1064 nm
lines and is able to amplify broadband signals with an optical bandwidth well above alternative
solutions. This is experimentally confirmed using a pulsed diode generating square pulses with
0.4 nm bandwidth and further modulating it using an SOA. In this case, the output spectrum
shows great fidelity with the input (Fig. 2(b)). The SOA is thus able to temporally shape light
with conservation of the spectrum across the pulse. While the modulation by the SOA induces
dispersion, no particular artifacts in the temporal profile are measured after the shaping of this
broadband pulse.

Fig. 2. Normalized spectrum measurements of (a) ASE of the SOA alimented with current
of 300 mA. The shift in central wavelength versus current is negligeable (<1 nm over the
full current dynamic) compared to the bandwidth of the ASE (b) Pulsed laser diode with a
spectrum width of 0.42 nm FWHM at the SOA input and at the SOA output after temporal
modulation (c) of the DFB laser at the SOA input and at the SOA output after temporal
modulation. Both spectrum widths are below the OSA resolution of 0.03 nm

On the other hand, the conservation of the spectral purity of narrow linewidth cw injection is
also important for some applications requiring interferometry. This property is measured using
both a RPMC R1064SB0300 PA laser diode with side mode suppression ratio (SMSR) of 45 dB
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and a NP Photonics fiber laser with 66 dB SMSR (shown in Fig. 2(c)). In both cases, the spectrum
is measured before and after temporal modulation by the SOA. Albeit a slight degradation of
the SMSR ratio of 6 dB, the spectrum remains pure, limited by the spectrometer resolution as
shown in Fig. 2(c). The coherence length of the signal at system output is also tested using a
custom-build Michelson interferometer and the fringes visibility stayed above 0.95 even with
1 m of optical path difference, making the SOA system compatible with most interferometric
applications.

The maximum output power of the seeders is also an important consideration for high energy
laser chains seeders. In particular, more input power at the seeder level allows to reduce the total
gain needed in the further amplifying stages and generally improves the signal to ASE ratio of
the full system. This maximum output power is determined by both the maximum input power
and the maximum gain.

Firstly, the input power is limited by the saturation of the absorption of the semiconductor
energy bands. While absorption-induced heating in the semiconductor medium could lead to
a power acceptance of the order of few hundreds of milliwatts or more, too much input power
also leads to the saturation of the absorption and a behavior close to transparency resulting in a
loss of modulation contrast, as shown in Fig. 3(a). In this case, a part of the continuous wave
(cw) signal starts to leak through the component and the total modulation contrast is drastically
reduced. Typical input peak powers are therefore in practice limited to a few milliwatts (10 mW
in our use case). Under those conditions, the absorption of the un-alimented SOA reaches 53 dB
and the output power at maximum current reaches 20 mW (3 dB gain). In particular, Fig. 3(b)
shows that the amplitude of the modulation capacities of the system (from maximum absorption
to maximum gain) decrease with input power. The user should therefore make a compromise
between the total contrast of the system and the output peak power. On the system presented
in this work, an emphasis is placed on the nominal temporal profiling capacities to avoid the
amplification of temporal profile artifacts.

Fig. 3. (a) Maximum absorption of our SOA system. Measurements of the difference
between input and output power spectra (absorption) achieved using the OSA with a span of
1 nm and a 30 pm resolution (b) Normalized output power of the SOA as a function of the
driving current. The modulation capacity is above 50 dB for input powers below 10 mW and
is reduced for higher input power. Input signal: CW-DFB laser diode.

The maximum available gain of the SOA also shows a trade-of. Indeed, to guaranty temporal
profile purity the maximum driving current and therefore the maximum gain accessible has to be
reduced. This is mainly due to the capacities of the electronic current drivers accessible that
presents higher temporal accuracy for lower currents. Figure 4 shows some examples of pulse
shaping in this regime with electronic driver limited to peak current of 300 mA corresponding to
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a maximum gain of 3 dB. For alternative priority, higher output peak power using SOA (up to
few hundreds of milliwatts) with good conservation of the absorption are also demonstrated by
increasing the driving current as shown in Fig. 5, with another SOA and driver system. The total
gain is improved to values up to 20 dB and output powers above 300 mW with peak current of 1
A, leading to 60 dB full modulation capacity (absorption+ gain) corresponding to the point of
the green curve Fig. 5(a). for lowest input power. This increase in gain is done at the expense of
artefacts in the temporal profile (Fig. 5(b) and Fig. 5(c)). The total output power can be further
improved by increasing the input power, at the cost of the total modulation capacity, both due to a
gain discrepancy and absorption discrepancy.

The SOA is capable of acting either as an attenuator or an amplifier depending on the current
applied. This can be useful for high-contrast pulse shaping by modulating the current. Its
modulation capacities are analyzed, and several typical arbitrary temporal shapes are demonstrated.
The jitter between the optical output of the component and an external asynchronous square
trigger signal was limited by the electronical driver and measured to be below 66 ps RMS. The
temporal resolution of the component is below 1 ns with rise and fall time as low as 1.1 ns in case
of square pulses. Shapes such as square, triangle and offseted-exponential are shown in Fig. 4.
The main drawback of the system is its low modulation speed compared to EOMs. This limitation
is for now caused by the existing electronic drivers, which struggle to provide sharp current rise
time with good temporal shape accuracy, but no measurements to find the intrinsic limitation of
the SOA have been performed. However, literature from the telecommunication industry let us
think going well below this limitation will prove to be difficult [25]. If needed, SOAs could be
used conjointly with EOMs for easy access to high contrast and high-speed temporal shaping.
The component used in this article is limited to 100 ns by the electronic driver, yet SOAs can
generate modulated pulses up to tens of microsecond with nanosecond resolution. In this last
case, the main limitation is the heating caused by the average current sent inside the component
and the capacities of the electronic driver.

Fig. 4. Examples of temporal shapes generated with SOA modulation system with peak
current limited to 100 mW. (a) 100 ns square pulse, (b) 17 ns ramp-shaped pulse and (c) 17 ns
offseted-exponential pulse. Temporal shapes averaged over 4 pulses to reduce electronic
noise, acquired with a 25 GHz fibered photodiode and a 20 GHz oscilloscope. Small periodic
ripple oscillations are visible every 7 ns in the top of the square pulse and the ramp pulse
due to residual imperfections in the driver electronical signal.

Considering the spectral properties, temporal shaping capabilities and the peak power accessible,
the component is shown to be adapted to high energy laser seeding. We will then present in detail
experimental outcomes of a 200 J laser chain employing an SOA as waveform-generator seeder.
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Fig. 5. Results for an SOA driven by a high current square pulse. (a) SOA isolation and gain
for high current operation of 1 A. More than 300 mW of output peak power was achieved
with 60 dB modulation capacity using an input power of 3 mW. The blue curve represents
the same information as shown in Fig. 3(a) for a different SOA component and present the
same general shape of the saturation of the absorption (b) Output temporal shape obtained at
SOA output for a driving current of 500 mA of 100 ns duration. The optical pulse shape
follows the current pulse shape. Command sent to the driver was square (c) Output temporal
shape obtained at SOA output for a driving current of 1 A of 100 ns duration. The optical
pulse shape follows the current pulse shape.

3. SOA as arbitrary waveform generator seeder in a high-energy laser system

The laser chain on which this apparatus is implemented is a 2*200 J, single-shot shot every 20
min - 1053 nm Nd:Glass laser system. This laser chain, called HERA, is currently operational
at the LULI facility in Ecole Polytechnique for conducting high-energy experiments primarily
for shock applications. It typically provides squared-shape laser pulses with arbitrary duration
from 3 ns to 15 ns and tunable energy. Following the MOPA classical architecture, we simply
modified the laser system by replacing the standard seeder by the SOA-based arbitrary waveform
generator seeder. As shown in Fig. 6, it is used to inject with low energy the amplifiers of the
MOPA chain. The seed pulse is then amplified to millijoule level in a Nd:YLF diode-pumped
regenerative amplifier. The amplified pulse then passes through a series of additional single and
double pass amplifiers of increasing size to reach the desired level of energy. The laser pulse is
split at the middle of the amplification process to generate 2 separate lasers pulses that can be
delayed using a delay line placed before the target chamber.

In this laser chain, the SOA is used for both temporal gating and temporal shaping. It is injected
by the aforementioned laser diode providing narrow linewidth cw laser radiation. Because of the
contrast properties of the SOA, the actual power of the diode is limited to 10 mW to guarantee a
good optical contrast before and after the pulse. The output peak power of the fiber system after
SOA amplification is therefore 20 mW. The seed pulse is then sent into a regenerative amplifier
using a fiber to free space coupler. Because of the cavity length of 8 m, the maximum duration
of the input pulses is limited to 17 ns (taking into account the Pockels cell rise and fall time).
Since the peak power of the pulses injected in the regenerative amplifier is limited around 20 mW,
the maximum seed energy is in our configuration 340 pJ. The regenerative amplifier allows to
guarantee and stabilize the output energy at millijoule level without constrain on the input energy
and whatever the pulse duration and shape by simply changing the number of passes in the cavity.
After extraction, the contrast of the amplifier is further increased by a pulse cleaner Pockels cell
removing all the ASE, pre-pulses and post-pulses leaking from the cavity with a 30 dB contrast



Research Article Vol. 32, No. 22 / 21 Oct 2024 / Optics Express 37965

Fig. 6. Schematics of the HERA laser. AWG: Arbitrary current Waveform Generator,
DFB-CW laser: DFB laser diode, SOA: Semiconductor Optical Amplifier, FI: Faraday
Isolator, HWP: Half-waveplate, PBS: Polarizing Beam Splitter, DP-AMP: Diode-pumped
Amplifier, PC: Pockels cell, FP-AMP: Flash-pumped Amplifier, QR: Quartz Rotator, FR:
Faraday Rotator

ratio. The pulse energy after extraction and the pulse cleaner reaches 1 mJ with energy stability
of 0.7% RMS before injection in the amplifying stages.

The full system reached energies above 2*200 J. The low thermal conductivity of glasses
as well as the use of flash pumping reduces the repetition rate to 1 shot per 20 min at laser
output. Despite the high saturation fluence of the amplifiers, the temporal saturation in the
amplifier is still high. The full square pulse distortion of the system is above 70% and required
pre-compensation at seeder level to reach a square pulse at output. A comparison of the input
temporal profile and laser chain output is shown in Fig. 7. Output rise time is experimentally

Fig. 7. Comparison of the temporal shape at the seeder level and at the laser chain output.
Measures taken with an EOT-3500 photodiode and a 2 GHz bandwidth oscilloscope. Typical
operation mode of the HERA laser chain producing 2*200 J square pulses.
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measured to be 1.1 ns compatible with most shock experiments. The pulse shaping capabilities
of the seeder system allow to easily tune the pulse duration from 1.5 ns (quasi-gaussian-shaped
due to the limited rise and fall time) to 17 ns. Furthermore, ramp shapes and other non-standard
temporal shapes are accessible with high modulation contrast. Some examples are presented
Fig. 8.

Fig. 8. Temporal shapes generated at the laser chain output using SOA temporal modulation.
In those figures, 13 dB of the 53 dB of modulation dynamics have been exploited. (a)
Linearly increasing ramp for shock experiments (50 J) (b) Two step temporal shape (50 J).
Measures acquired using EOT-3000 photodiodes and a 2 GHz bandwidth oscilloscope.

The introduction of the beam splitting, and the 2 channels make this laser chain very flexible.
The total system capabilities of 2*200 J synchronized with arbitrary temporal profiling make
this laser chain compatible with a wide range of shock experiments. The SOA represents a
good add-on for reaching arbitrary temporal profiles with state-of-the-art contrast as long as the
rise-time requirements stays above the nanosecond time scale.

4. Conclusion and prospects

We investigated and experimentally validated the capability of the SOA component to be used as a
temporal shaper seeder for high-energy laser systems employing MOPA architecture. This system
is compact, user-friendly, offering over 50 dB modulation dynamic with moderate modulation
speed. We demonstrate that the SOA system operates nominally with clean temporal shapes in
the 10 mW peak-power range. We were able to generate arbitrary shapes from standard square to
exponentially increasing peaks that presents a great interest for the plasma community. The SOA
arbitrary waveform generator is ultra-compact and reliable thanks to an all-fibered architecture.
Moreover, it can be easily implemented into existing laser chains as its fiber output can be
injected into the laser chain without drastic modifications. We demonstrate its application on
a 2× 200 J system and highlight its potential. The system truly shines through its wide gain
bandwidth, making it a promising choice for ICF systems requiring bandwidth in the range of
several tens of nanometers. However, the main limitations of the system lie in its modulation
speed and restricted peak power accessibility. Those limitations could potentially be addressed
by developing new electronic drivers with higher modulation speed, higher peak current, lower
jitter and cleaner temporal shapes.
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