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Pulses on Demand in Fibre and Hybrid Lasers
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This paper presents an investigation of pulse-on-demand operation in fibre and hybrid lasers. Two methods for efficient gain control that
enable the generation of laser pulses at arbitrary times with controlled pulse parameters are presented. The method of direct modulation
of the pump power in the high-power laser oscillator is shown to generate pulses with a duration in the nanosecond range, with repetition
rates varying during operation from a single shot to over 1 MHz. An advanced method using a combination of marker and idler seeding a
fibre amplifier chain is investigated. Such a system can easily achieve repetition rates of several tens of MHz. The lasers’ performances were
successfully tested in a real environment on an industrial platform for laser transfer printing. Similar concepts were used for a laser source
with ultrashort laser pulses (femtosecond range) on demand by using a mode-locked seed as a source and a solid-state amplifier to achieve

high pulse energy and peak power.
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Highlights

*  Pulse-on-demand operation of fibre lasers was demonstrated.

*  Different approaches to gain control and pulse stabilization are presented.

e The advanced concept of pulse on demand spanning from nanosecond to fs is realized.
*  The application of the pulse-on-demand laser for laser transfer printing is demonstrated.

0 INTRODUCTION

Where there is a need for high-precision
manufacturing processes, laser-based tools are
used. With the demands for increasing production
throughput and also for the capability of handling
different processes with the same tool, the need for
highly flexible laser systems, capable of processing
advanced patterns and structures at high speeds, has
emerged. This imposes stringent requirements on
two key components of a laser processing unit, i.e.,
the laser-beam scanning system and the laser source.
The purpose of the scanning system is to deliver high-
speed scanning of the laser beam over the workpiece,
while the laser source must meet the requirements for
high beam quality, efficiency, ease of maintenance,
and rapid laser-power modulation, matching that of
the laser-beam scanning system. The latter enables
custom pattern generation and precise synchronization
with the scanning system.

Fast laser beam steering over the workpiece can
be achieved, for example, by using polygon scanners,
[1] resonant scanners, [2] or an acousto-optics
deflector (AOD) [3] and [4]. An AOD allows precise
laser scanning with high resolution but is usually
limited to a small working area. For larger working
areas and very high scanning speeds, the first two
scanning elements are therefore normally used.

State-of-the-art polygon scanners can achieve
laser-beam scanning speeds over the workpiece
in the range of km/s; however, they are limited to
constant scanning speeds. This means that with
conventional laser sources which can only operate
at a constant repetition rate, it is only possible to
produce equidistant structures on the workpiece. To
take advantage of the high scanning speed that the
polygon scanners offer and still produce arbitrarily
spaced structures, the laser source must be capable
of operating at continuously variable repetition rates;
thus, generating arbitrary output patterns. Such laser
sources are said to deliver pulses-on-demand.

Resonant scanners have a similar disadvantage.
The scanning angle and, consequently, the position of
the laser beam on the workpiece follows the nonlinear
response (sinusoidal oscillation) of the scanner’s
mirror. This nonlinear response makes it difficult
to synchronize the scanning system with the laser
source. As previously mentioned, only an advanced
laser source capable of delivering pulses-on-demand
can overcome this problem.

In the literature, we can find different methods
for pulse-on-demand laser operation. Laser sources
producing variable pulses on a nanosecond scale
are usually based on a continuous wave (CW) or
fixed-repetition-rate laser [5] and use an external
electro-optical modulator (EOM) or acousto-optical
modulator (AOM) [6] to modulate the laser output in
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such a way that the desired pulse shape or pattern is
achieved [7]. In some laser-processing applications
the output laser head is also moved over a larger
workpiece (e.g., batch processing) which can put a
limit on the size and weight of the laser head. Also,
external modulators are usually polarization-sensitive,
have limited damage thresholds and in the case of
AOM also limited modulation speed, especially when
used in a high-power laser system.

With the development of high-power diode
lasers, another approach has been made possible. The
direct modulation of high-power laser-diode lasers
enables lightweight laser-head designs; however, a
major downside is the much lower beam quality, when
compared to single-mode or nearly-single-mode (few-
mode) lasers.

The high modulation bandwidth of high-power
diode lasers that are used for pumping the laser system
allows for the gain switching technique [8] to [10] to
be used, where we can achieve good control over the
pulse-generation dynamics and consequently enable
pulse-on-demand operation for nearly single-mode
beam quality. The gain-switching technique uses
modulation of the pump power (provided by the high-
power diode lasers) to select only the first spike of the
relaxation oscillations that form a single laser pulse
[11]. With precise gain control pulses as short as 28 ns
[12] were generated from a ytterbium-doped fibre laser
and the achievable (but not limited to) peak power
was over 4 kW [13]. Even shorter laser pulses [14]
were generated by a more complicated core-pumping
scheme in a thulium-doped fibre. Using clad pumping
at 790 nm, an efficient system [15] can be realized,
which also has the benefit of not being susceptible to
the photodarkening effect [16], which usually causes
problems in highly pumped fibre lasers.

Gain-switched lasers can be designed without any
modulators and can work in a wide range of spectral
regions depending on the active dopant and the
substrate used. Using thulium- and holmium-doped
fibres, a gain-switched laser operating at wavelengths
up to 2.1 um was realized [17]. On the other hand,
using an erbium-doped fluoride fiber [18], pulses at
2.8 um were generated.

The laser pulses generated at arbitrary repetition
rates with a duration of several 10 s of nanoseconds
and peak power in the kilowatt range are suitable
for applications such as direct colour marking,
micromachining, laser-transfer printing, selective
photocoagulation, etc. In contrast, such pulses are too
long to achieve cold ablation [19], where bursts of
picosecond pulses [20] and [21] are used to efficiently
ablate the material, supercontinuum generation [22]

or applications for which high-speed, high-resolution
micromachining is required.

To address this requirement for shorter pulses,
an advanced laser setup using the gain control of
its amplifier stages can be employed to mitigate the
transients in the output pulse train when changing
the repetition rate of the laser. The pump power
modulation [23] can be used, but it can lead to relatively
slow response times and, in some cases, must include
an advanced thermal management control for pump-
wavelength stabilization [24]. The solution that offers
laser-pulse generation with a true pulse-on-demand
mode uses a combination of idler and marker sources
that seed the laser’s amplifier chain. The idler signal
keeps the gain of the amplifiers constant between
marker pulses [25] to [27]. The benefit of this approach
is also that the controlled idler signal prevents the
build-up of the amplified spontaneous emission (ASE)
and enables the formation of marker pulses at very
low repetition rates. At the output of the amplification
stages, the idler and marker light must be separated so
that only the marker signal is sent to the workpiece.

There are two main techniques for marker and
idler separation. One is to use either polarization or
wavelength filtering, where the idler and marker have
either orthogonal polarization or slightly different
wavelengths [28] and the filtering can be achieved by
a polarizer or a Bragg grating respectively [26] and
[27]. The other technique is to use nonlinear filtering,
which is more suitable for applications in which the
system generates very short marker pulses while
the idler seeds the amplifiers with low-power long-
duration pulses (or CW power) in between the marker
pulses. The nonlinear filtering is then realized at the
laser output by second harmonic generation (SHG)
[29] and [30].

In this paper, we present a compact (using the
already-mentioned gain-switching technique) and
an advanced (using marker and idler seeding) laser
sources, both capable of producing pulses on demand
with the ability to efficiently synchronize with
the high-speed polygon and resonant scanners for
covering different laser applications. Their capabilities
are analysed, and the application of laser transfer
printing (LTP) in the form of a laser-induced forward
transfer (LIFT) is demonstrated.

1 METHODS

The output power of lasers is stable when operated
under constant conditions, i.e., either continuous
wave operation or operation at a fixed repetition rate.
In both cases, a steady state is reached in the laser-
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gain media. Changing the repetition of the laser pulses
causes the laser to transit to a new steady state, which
can be seen as the output-power fluctuation. Driving
the laser in the pulse-on-demand operation mode
with long pauses between the output pulses results
in the active ion inversion population reaching high
levels and consequently the production of giant pulses
that can exceed the damage thresholds of the laser’s
optical elements. In contrast, when switching to high
repetition rates, the inversion population in the gain
media gradually decreases, and laser pulses with a
lower peak power are generated. This effect can also
be observed in lasers producing bursts of pulses [31]
and can be addressed by reshaping the input seed
burst so that the output burst consists of pulses with
equal peak powers [32].

In this paper, two methods are presented (Fig.
1) that can efficiently control the level of inversion
between the laser pulses and, as such, enable pulse-
on-demand operation with stable pulse parameters
decoupled from the effect of changing the repetition
rate. One is the gain control in which the pump power
is modulated to generate the desired marker pulses
from a high power laser oscillator. The other is using
a combination of marker and idler seeding in a MOPA
(Master Oscillator Power Amplifier) amplifying a
chain pumped with constant power.
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1.1 Gain Control via Pump-Power Modulation

Gain control with pump modulation can be used in
laser-amplifier chains or in a laser oscillator. The latter
is more suitable for high-power oscillator laser systems
and is based on the precise pump energy input before
the marker pulse formation. The compact system can
be realized with the gain-switching technique that can
operate over a broad range of repetition rates [33].

The generated pulses are dependent on the pump
rate and typically have a ratio of laser peak power to
pump peak power equal to ten to one. The duration
of the generated laser pulses is dependent on the
oscillator’s parameters, mainly its length and pump
absorption. Combining the oscillator with the pump
recovery amplifier [34] enables pulse-duration tuning
by at least a factor of two [35].

Upgrading this architecture with an improved
pumping source using high-power pump diode lasers
providing the high peak pump power needed for the
marker pulse formation and low average pump power
between these pulses for loss compensation enables
building a pulse-on-demand laser. The losses that
have to be compensated in this way are mainly the
result of the spontaneous emission, which depletes
the inversion population during long pauses between
the marker pulses. Because all the control and gain
compensation are done by the laser’s pump system,
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Fig. 1. Comparison of two methods: a) and b) pump-modulation method for high-power oscillator setup, and ¢) and d) idler-marker seeds
for MOPA-based laser systems; in a) and c) the free-running laser output and inversion at arbitrary repetition rate are shown while in
b) and d) the corresponding gain control is used
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this enables a compact and cost-effective way of
producing pulses on demand when the target marker
pulse duration is varied in the nanosecond region.

1.2 Gain Control via idler and marker Seeds

For generating picosecond or even femtosecond pulses
on demand, gain control using the idler and marker
seeds is usually required. Such a laser replaces the
pump recovery amplifier with at least one separately
pumped amplifying stage. The goal of the idler seed
is to prevent the population inversion reaching high
values and, as a consequence, gain build-up, which
would cause transients when switching on the laser
marker signal. The idler is then filtered out after the
last amplifying stage.

The combination of two seed-laser diodes with
wavelengths separated by 1 nm was used in a laser
setup to generate pulses on demand in the so-called
quasi-CW mode of operation. At the output of the
laser, a volume Bragg grating was used to filter out the
idler signal. The laser is capable of modulating the full
200 W of output power with a bandwidth of several
10 s of MHz, producing stable marker pulses with a
duration from 50 ns to CW [26].

The marker seed-laser diode can be exchanged
with a mode-locked laser seeder to expand the marker
pulse duration tuning into the ultrashort pulse domain.
Here one must take care as the energy of the ultrashort
pulses in the last amplifying stage causes unwanted
nonlinear effects that can damage the laser system. For
this, a cost-effective solution is to upgrade the pulse-
on-demand laser setup with a solid-state gain crystal
that replaces the last power-amplifying stage and
shortens the nonlinear interaction length. With this,
the threshold for the onset of nonlinear phenomena
is greatly increased due to the larger mode field
diameter when compared to the fibre power amplifier.
This makes possible the production of high-energy
picosecond pulses in the pulse-on-demand operation
mode.

2 EXPERIMENTAL

Three proof-of-concept experimental setups were built
to test the operation of the previously mentioned pulse-
on-demand lasers. A compact gain-switched fibre
laser setup covering the kW peak-power range and
nanosecond pulses was built while the advanced setup
using a double seeded MOPA fibre laser architecture
was used for tests performed over a wider duration
tuning range of marker pulses. The latter was also
tested on a commercial laser transfer printing system.

Furthermore, the advanced setup was upgraded with a
solid-state amplifier and a mode-locked marker seed
to generate picosecond pulses on demand.

2.1 Compact Setup

A compact pulse-on-demand laser based on a highly
adaptable gain-switched fibre laser was realized by
using an advanced pump system in a ytterbium-doped
fibre oscillator and a pump-recovery amplifier. The
oscillator and the pump-recovery amplifier are both
pumped by the same pump system and thus retain a
low complexity. The advanced pump system consisted
of a primary and a secondary pump module. The
primary module generated high-power pump pulses
with a duration from 500 ns to 1 ps serving as the
main energy source for forming the marker pulses
in the fibre oscillator. The secondary pump module,
operating at a constant pump power of around 1 W,
counteracted the losses to the population inversion
caused by the spontaneous emission. Switching the
pump power from a high to a low value, thus selecting
only the first spike of the relaxation oscillation, an
arbitrary marker pulse pattern was achieved. The
repetition rate could be varied on the fly from a single
pulse to above 1 MHz. The average power achieved
was over 20 W, and the peak power was around
1 kW. The experimental setup shown in Fig. 2 proved
the feasibility of a compact pulse-on-demand laser
concept and the possibility for further power scaling.

2.2 Advanced Setup

The advanced setup used two seed laser diodes
(marker and idler), which were wavelength-separated
by 1 nm. The marker generated a selected pattern of
pulses with a continuously variable repetition rate and
pulse duration, while the idler was used to maintain a
constant seeding power to the fibre amplifiers at all
times, preventing gain build-up between the marker
pulses. This made it possible to use a continuous
pumping of the amplifiers, preventing the slow
response of the pump to affect the overall dynamic
performance of the system.

Two fibre amplifiers (Fig. 3) were used to reach
200 W of output power, and a volume Bragg grating
(VBG) was used to filter out the idler signal, which
was sent into a beam dump. The laser was capable
of modulating the full 200 W of output power with a
bandwidth of several 10 s of MHz, and both the output
power and modulation bandwidth are further scalable;
however, in our case, the laser generated stable pulses
with 200 W of power and a duration from a few 10
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@

Fig. 2. A compact setup for pulse-on-demand generation based on the gain-switching technique; the pump module
a) is used to pump the b) oscillator and c¢) amplifier; modulation of the pump power in time allows for pulse-on-demand operation

d) Idler- marker
separation

b) Amplifier 1

c) Amplifier 2

Fig. 3. The advanced system for pulse-on-demand generation; seed module a) consisting of the seed and marker laser diodes keeps the
gain balance through the amplifiers b) and c) constant regardless of the marker pulse shape and repetition on the output; the marker and
idler signals are separated at the output d) by the volume Bragg grating (VBG)

s of nanoseconds up to continuous (CW) operation at
arbitrary repetition rates.

Such laser parameters are useful for many
applications, such as thin-film scribing; however, it
was designed specifically for LTP in a commercial LTP
system, in which the advantage of high modulation
bandwidth could be directly evaluated. The printing
results are presented in Section 3.1.

2.3 Advanced Setup - Hybrid Version

When combining long (nanosecond) idler pulses and
short (picosecond or femtosecond) marker pulses,
nonlinear filtering can be used to separate idler and
marker pulses at the laser output. In our case, second
harmonic generation (SHG) was used as a nonlinear
filter.

The efficiency of SHG strongly depends on the
pulse peak power. Therefore, the efficiency of SHG
for long idler pulses with lower peak power is much
smaller than the efficiency of SHG for ultrashort
marker pulses. In our case, the achieved contrast
ratio was 1:3000. The experimental setup for a hybrid
pulse-on-demand laser system is shown in Fig. 4.

As already mentioned in the Introduction,
nonlinear optical effects can cause problems in
ultrashort-fiber laser systems. Due to the small core
diameters of the optical fibres, the light intensities
in fibre lasers are extremely high. This leads to
nonlinear effects such as self-phase modulation

684

(SPM), which can lead to a shattered pulse temporal
profile. To overcome this problem, the chirped-
pulse amplification (CPA) technique is used. In CPA
systems, the laser pulse is stretched in time prior to
amplification. This reduces the pulse peak power
in the amplifier and therefore lowers the effect
of nonlinear phenomena. The laser pulse is then
temporally recompressed outside of the fibre amplifier
using a chirped volume Bragg grating (CVBG) or
grating compressor.

However, when reaching even higher pulse
energies, even CPA systems can no longer achieve
pedestal-free pulses at the laser output. To achieve
higher energies and a clean temporal profile, an
additional solid-state amplifier is added to the fibre
amplifying stages. Due to a larger beam diameter in
the solid-state amplifier, the nonlinear effects in such
an amplifier are almost negligible.

When combining fibre and solid-state amplifiers
in pulse-on-demand systems care must be taken to
ensure that the idler and marker pulses have the same
gain in both fibre and solid-state amplifiers. This is
not trivial as the solid-state amplifier has different
gain media to the fibre amplifier.

In the fibre amplifier, the gain media has a broad
emission spectrum. This means that a broad range
of wavelengths around the centre laser wavelength
exhibits the same amplification. This is not true in
the solid-state gain medium, which has a relatively
narrow emission spectrum. Because the spectra of the
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b) Amplifier 1

Idler

S

Fig. 4. The advanced hybrid laser system for pulse-on-demand generation; seed module a) where marker seed is exchanged for the mode
locked oscillator and b) pre-amplified before it undergoes chirped pulse amplification in the fibre amplifier chain c), d), e); the last amplifying
stage f) is a ytterbium-doped amplifier; the marker - signal separation is made in h) by the second harmonic generation

idler pulses and marker pulses are not the same, this
leads to a different gain for the marker and idler in the
solid-state amplifier, whereas the gain is the same for
both the idler and marker in the fibre amplifier.

The different gain in the solid-state amplifier
leads to transient pulse dynamics when switching
from marker to idler pulses and vice versa. To
compensate for a different gain in the solid-state
amplifier, amplitude modulation of marker and idler
pulses is required before amplification. This is similar
to the modulation required in burst lasers.

3 RESULTS

With the compact gain-switched laser setup a pulse
on demand was tested to over 1 MHz repetition rate.
In the tested configuration the system could provide
pulses tuneable from 40 ns to 100 ns with a peak
power of around 1 kW. An arbitrary pulse pattern
could be generated. Fig. 5a shows a pulse pattern with
the pulse delay changing in a nonlinear way. Such a
pattern is required to generate evenly spaced pulses on
the workpiece when using a scanner with a nonlinear
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Fig. 5. a) An arbitrary pulse train generated by the compact gain-switched laser setup;

b) zoom in on the successive pulses from the trace shown in a); the error in the stability of the pulse width is less than 0.7 %
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Fig. 6. a) Using a resonant scanner to generate a pattern with laser source operating at a fixed repetition rate captured on the beam profiler
camera b); and with the laser source compensating the pulse delay to evenly distribute the laser power over the line trace c)

response function, such as a resonant scanner. A zoom
in on the successive pulses in a trace is shown in Fig.
5b. The delays are omitted on the plot for a better
representation of the pulse. The pulse duration was
stable with a standard deviation of less than 0.7 %,
while the peak power fluctuated by less than 1.5 %.
The comparison between the laser pulse trace
with the nonlinear pulse delay and the pulse trace with
the fixed repetition rate made using a resonant scanner
is shown in Fig. 6. The intensity distribution for a
single trace is shown in Fig. 6b for a fixed repetition
rate and Fig. 6c¢ for a pulse-on-demand laser operation
synchronized to the resonant scanner. The intensity
distribution was captured with the beam-profiler
camera. It can be seen that the nonlinear response
of the resonant scanner causes more power to be
deposited on the trace edges where the scanning speed
is low. To make more complex structures, an arbitrary
pulse pattern must be used that can compensate for
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Fig. 7. Atypical output (after filtering with a VBG) of the advanced
laser; a burst consisting of 10 pulses is shown with a nearly
constant power of 200 W

the scanner position in time and still write an arbitrary
pulse pattern on the workpiece.

The advanced pulse-on-demand laser system was
designed to generate an arbitrary pulse patter with
peak power up to 200 W and modulation of several
10 s of MHz to accommodate scanners with higher
scanning speeds. A typical laser output (measured
with a photodiode) is shown in Fig. 7.

After the marker seed laser diode was exchanged
with the mode-locked oscillator and acousto-optics
modulator as a low-power pulse picker, the tests were
made on the advanced hybrid setup. With appropriate
modulation of input idler and marker signal, a stable
pulse train with no transient pulse dynamics was
achieved when switching between the marker and
idler pulses. An oscilloscope trace of a pulse-on-
demand sequence after SHG is shown in Fig. 8.

With the presented laser system picosecond
pulse-on-demand operation with pulse energies up to
300 pJ and 450 fs pulse durations were achieved.
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>
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g
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o
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Fig. 8. Pulse-on-demand trace from an advanced hybrid setup
(after filtering using the SHG)
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3.1 Laser Transfer-Printing Application

The advanced laser setup presented in Section 2.2 was
tested in a commercial LTP system. In this particular
LTP system, the laser beam was focused onto a thin
ink film which was spread over a transparent ink-
carrier belt, positioned 150 pm above the glass
acceptor substrate. The energy deposited by the laser
heats the ink, which forms a bubble and is finally
ejected onto the substrate. The conventional laser used
in this LTP system was a 200 W CW fibre laser with
an external acousto-optical modulator, with a damage-
threshold-limited (due to the required tight focusing
in the AOM) modulation bandwidth of 5 MHz. The
beam was scanned using a polygon scanner with a
500 m/s scanning speed. The combination of high
scanning speed and the limited modulation bandwidth
of the conventional laser limits the achievable printing
resolution (i.e., the smallest dot that can be transferred
onto the substrate).

The advanced pulse-on-demand laser enabled
printing with higher resolution or alternatively should,
in theory, enable higher printing speeds at the same
resolution. The latter would, however, require a faster
polygon scanner and was therefore not tested. As for
the achieved printing resolution, the laser successfully
transferred a single pixel (1px) sized dot (1px = 50
ns pulse), as seen in Fig. 7, whereas the conventional
externally modulated CW laser only reliably
transferred > 4px dots (> 200-ns-long pulses).
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Fig. 9. A series of 1px dots successfully transferred with the
advanced laser; the pulse pattern used in this case is shown in
Fig. 7; the variations of the printed dot sizes are mostly due to
the technical limitations of the LTP process (e.g., ink-thickness
variations on the ink-carrier belt)

4 CONCLUSIONS

Pulse-on-demand laser operation and its application
are presented in this paper. Two methods of efficient

gain control that allow for laser pulse parameters to
be decoupled from the change in the repetition rate are
presented and analysed. The method of direct pump
modulation in the high-power laser oscillator was
shown to generate pulses on demand from a single
shot to repetition rates over | MHz. The demonstrated
result of several tens-of-nanoseconds pulses with
a kW peak power is ideal for applications such as
direct colour marking, micromachining and selective
photocoagulation.

The advanced method of using a combination of
marker and idler seeding in a MOPA (Master Oscillator
Power Amplifier) amplifying chain was demonstrated
to realize the modulation of a pulse repetition rate of
several tens of MHz. The advanced method was tested
on an industrial laser transfer-printing system where
the synchronization and high modulation bandwidth
were evaluated. Furthermore, the advanced method
was augmented by a solid-state amplifier providing
nonlinear-effect-free operation when the marker seed
is producing pulses in the picosecond range.

The benefit of the presented laser systems is that
they can be merged into a highly adaptable laser for
producing pulses on demand, allowing for precise
synchronization with the new generation of high-
speed resonant and polygon scanners and thus cover
many laser applications.
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