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Abstract: We report on two pulse compressors for a high-power thin disk 
laser oscillator using rod-type fiber amplifiers. Both systems are seeded by a 
standard SESAM modelocked thin disk laser that delivers 16 W of average 
power at a repetition rate of 10.6 MHz with a pulse energy of 1.5 µJ and a 
pulse duration of 1 ps. We discuss two results with different fiber 
parameters and different trade-offs in pulse duration, average power, 
damage and complexity. The first amplifier setup consists of a Yb-doped 
fiber amplifier with a 2200 µm2 core area and a length of 55 cm, resulting in 
a compressed average power of 55 W with 98-fs pulses at a repetition rate 
of 10.6 MHz. In the second system, a shorter 36-cm fiber with a larger core 
area of 4500 µm2 is used. In a stretcher-free configuration we obtained 34 W 
of compressed average power and 65-fs pulses. In both cases peak powers 
of > 30 MW were demonstrated at several µJ pulse energies. The power 
scaling limitations due to damage and self-focusing are discussed. 
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1. Introduction 

Modelocked thin disk lasers using a semiconductor saturable absorber mirror (SESAM) [1,2] 
for passive pulse formation are currently one of best-suited technologies for ultrafast high-
power laser oscillators [3–5]. They benefit from excellent thermal handling and power 
scalability of both the thin disk laser head [6] and the SESAM. Indeed, since the first 
demonstration of a SESAM modelocked thin disk laser [7], this approach resulted in higher 
output powers than any other femtosecond oscillator. The current power record is 140 W in 
738-fs pulses [8], and further power scaling to the kilowatt regime appears feasible. Other 
approaches for ultrafast laser systems at high average power levels are fiber-based chirped 
pulse amplification (CPA) [9] and Innoslab amplifiers [10], which can be temporally 
compressed using high power OPCPA schemes [11]. 

A key advantage of the thin disk laser compared to other concepts is the very low 
accumulated intracavity nonlinearity mostly introduced by the disk and the cavity optics, 
which are all used in reflection. Pulse energies as high as 11.3 µJ were generated in a one-pass 
cavity geometry using the thin disk as a simple folding mirror [12] and 25.9 µJ were achieved 
in an active multi-pass cavity with 13 reflections on the disk [13]. SESAMs are ideally suited 
for high-power modelocking because of their high damage thresholds [14]. The complexity of 
these multi-100-Watt lasers is not higher than that of low-power oscillators. They will 
therefore replace complex amplifier systems for many applications and their new performance 
parameters with higher megahertz pulse repetition rates and better noise properties will enable 
new applications. 

Many experiments in areas such as high field science require pulse durations in the sub-
100-fs regime, which has not been demonstrated with thin disk lasers so far. The first 
demonstrations of power and energy scaling of modelocked thin disk lasers were achieved 
with the well-established gain material Yb:YAG. The gain bandwidth limits in this case the 
achievable pulse duration in high-power operation to ≈700 fs. There are more than ten Yb-
doped gain materials that have generated sub-100-fs pulses in standard low-power oscillators, 
and great efforts have been dedicated during the past few years to extend this performance 
into the high power regime [15]. Using Yb:KYW, 22W of average power were demonstrated 
in 240 fs pulses [16]. Other tested thin disk materials include Yb:YCOB (2 W, 270 fs [17], ), 
Yb:KLuW (25 W, 440 fs [18]), and Yb:Lu2O3 (40 W, 329 fs [19]). The shortest pulses 
achieved so far are 227 fs from Yb:LuScO3 [20]. However, in this case a poor disk quality 
limited the average power to 7.2 W. Reaching the sub-100-fs regime appears feasible but 
challenging. Therefore, other alternatives such as fiber pulse compression [21,22] represent a 
simple and interesting alternative. 

Previously, pulse compression of a SESAM modelocked high-power thin disk laser has 
been demonstrated using a short passive LMA fiber where 32 W and 24 fs pulses were 
demonstrated at MHz repetition rate [23,24]. In this experiment, the initially 760-fs long 
pulses were compressed at 50% efficiency by a factor of thirty, while the peak power was 
increased by a factor of ten. This method enabled high field science experiments driven 
directly at the multi-megahertz repetition rate of the femtosecond oscillator [5]. This passive 
compression system suffered, however, from severe limitations. Damage in the 200-µm2 
mode-area fiber limited the maximum achievable compressed pulse energy to less than 1 µJ. It 
seems difficult to generate substantially higher pulse energies with standard microstructured 
LMA fibers with larger mode areas because the weak guiding results in high bending 
sensitivity and losses. 

We therefore applied an interesting alternative to overcome these limitations using an 
active LMA rod-type fiber compressor that also provides amplification [25]. In this case, the 
bending sensitivity is reduced by surrounding the fiber with a glass rod, therefore allowing for 
stable single-mode operation with much larger mode sizes. Typically, commercially available 
rod-type fiber amplifiers have fundamental mode areas up to 4500 µm2, which is larger than 
any other fiber technology. Furthermore, these fibers are well suited for polarization-
maintaining operation even at high peak power levels using stress-induced birefringence. 
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Previously, pulse compression of low and medium power level oscillators using these rod-
type fiber amplifiers has been demonstrated in different setups where MW peak powers at 
MHz repetition rates were achieved [26,27]. 

In this paper, we discuss pulse compression of a standard high-power SESAM 
modelocked Yb:YAG thin disk laser using LMA rod-type fiber amplifiers. The high seed 
power allows for one single main amplifier stage, which is directly saturated without the need 
for additional preamplifier stages. We present two compressor systems of a thin disk laser 
oscillator using two different rod-type fiber amplifiers. In the first system, we used a 55-cm 
long rod with a core area of 2200 µm2, and achieved 55 W of compressed average power in 
98-fs pulses, reaching pulse energy of 5.2 µJ at 10.6 MHz and a peak power of 32.7 MW. In a 
second system no pulse stretcher was required using a 36-cm rod-type fiber amplifier with a 
larger core area of 4500 µm2. With this setup 34 W of average power were demonstrated in 
65-fs pulses, reaching a similar peak power of 32 MW. We will discuss the performance and 
power scaling limitations of these two systems, in particular concerning damage and self-
focusing. 

2. Experimental setups and results 

The seed laser used for both amplifier systems consists of a standard Yb:YAG SESAM 
modelocked thin disk laser similar to the one described in [28] that delivers 16 W of average 
output power at a repetition rate of 10.6 MHz at a central wavelength of 1030 nm. This 
corresponds to a pulse energy of 1.5 µJ in 1-ps-long pulses (Fig. 1). The corresponding 
intracavity energy of 12.8 µJ is low enough for stable operation in air. The SESAM used in 
this laser has a dielectric top-section for high damage threshold and low parasitic losses [14]. 
Using a home-build setup for nonlinear optical reflectivity characterization [29,30], we 
measured a saturation fluence Fsat = 46 µJ/cm2, a modulation depth Δ R = 0.58% and 
nonsaturable losses ΔRns< 0.1%. 
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Fig. 1. Seed Laser. Right: Autocorrelation trace of the seed pulses. Left: Corresponding 
spectrum. 

The average power obtained from this seed laser is sufficient to directly saturate the 
amplifiers used in both setups without the need for pre-amplifier stages. The complexity of 
such an oscillator is comparable to that of a low-power oscillator. Therefore, the resulting 
compression and amplification setup is relatively simple with high average powers at a low 
overall amplifier gain, which is beneficial for low parasitic nonlinear effects and for a clean 
spectral broadening. Despite the fact that the laser was built with standard opto-mechanical 
components on a laboratory breadboard, it did not require any realignment during the several 
weeks of operation. 

2.1 First amplifier system: 2200 µm2 core area rod-type fiber delivering 55 W, 98 fs, 5.2 µJ, 
10.6 MHz, 32.7 MW peak power) 

The high-power thin disk laser was used to seed a 55-cm long polarization maintaining Yb-
doped rod-type LMA fiber amplifier in a counter-propagating configuration (Fig. 2). The rod 
was cleaved at 5 degrees at the input end to avoid parasitic lasing and had an uncleaved 8-
mm-long end-cap on the output side. The signal core had a diameter of 70 µm and a pump 
cladding diameter of 200 µm. In order to avoid damage of the rod and self-focusing the input 
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pulses were stretched to 1.9 ps FWHM using two 1250 l/mm transmission gratings in a 
negative dispersion configuration [31]. 

Stretcher:
2X 1250 l/mm
transmission

gratings

Output 

Pp=120 W 
λ = 976 nm

Seed Laser: Yb:YAG 
SESAM modelocked TDL

55 cm Yb-doped 
rod-type fiber
φcore = 70 μm
φclad = 200 μm

Compressor:
2X 1250 l/mm
transmission

gratings

Pav = 16 W 
frep = 10.6 MHz 

τp = 1 ps
λ = 1030 nm

Pump Laser:

λ/2

optical 
isolator

Dichroic Mirror
HR @1030 nm
HT @976 nm

End-cap
L = 8 mm 

Cleave = 5˚ 

 

Fig. 2. First compressor amplifier system, based on the 55-cm long rod-type fiber. 

In standard CPA systems, positive chirp is usually preferred for stretching the input pulses. 
In this case, SPM broadening occurs over the entire length of the fiber, and the amount of 
accumulated SPM is easy to control since it is nearly linear. Negatively chirped pulses lead to 
an initial spectral and temporal narrowing before the linear SPM broadening starts to occur. In 
Fig. 3, we simulated the effect on the spectral FWHM bandwidth over the length of the fiber 
for negatively or positively chirped input pulses, using a home-made split-step Fourier 
propagation software. In the case of negatively chirped pulses the spectrum undergoes a 
minimum after a few centimeters of propagation through the fiber (Fig. 3 bottom left, inset). 
The spectral narrowing that occurs in the first 15 cm of the rod is negligible. 
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Fig. 3. Simulation of the effect of the input sign of the chirp on the spectral broadening in the 
rod-type fiber amplifier. Bottom (left): Evolution of the spectral FWHM during propagation in 
the rod for negatively (blue) and positively (red) chirped pulses. Top (left to right): Evolution 
of the spectral intensity and the spectral phase during propagation in the fiber for positively and 
negatively chirped pulses. Bottom (right): resulting compressed power after 55 cm of 
propagation for negatively and positively chirped pulses. These simulations were performed 
with our home-programmed split-step Fourier propagation software. 
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In this experiment, we chose to use negatively chirped pulses to simplify the grating 

stretcher since the two configurations result in similar compression factors, as can be seen in 
Fig. 3 where the resulting compressed pulses are shown (bottom, right). The total transmission 
through the stretcher was measured to be 75% reducing the power launched into the fiber to 
12 W. 

The pump used for the amplification delivers 120 W at 976 nm. The performance of the 
fiber amplifier is shown in Fig. 4. We achieved 73 W of average output power, which 
corresponds to a pulse energy of 6.85 µJ. The output of the fiber amplifier was polarized, and 
we measured a Polarization Extinction Ratio (PER) of 15.8 dB. At this power level an optical-

to-optical efficiency out
opt

pump seed

P
P P

η =
+

 of 56.6% is reached with a slope efficiency of 61%. 

The pulses after amplification are slightly stretched to 2.7 ps due to dispersion in the rod. At 
the output of the rod the peak power is 2.2 MW, corresponding in the 2200 µm2 core to an 
intensity of approximately 2 kW/µm2. At this peak power, no signs of self-focusing are 
observed and the beam quality stayed close to the diffraction limit with a measured M2 = 1.3. 

 

Fig. 4. Measured output power slope of the fiber amplifier. The maximum output power of 
73 W corresponds to an optical-to-optical efficiency of 56.6%. 

The double pass compression stage consists of two 1250 l/mm transmission gratings as 
used for the input stretcher [31]. The transmission gratings are 100% fused silica and have low 
absorption, which is beneficial at the high power levels considered. The use of 1250 l/mm 
gratings enables a very compact compressor setup. The necessary dispersion was obtained 
with a grating distance of 3.2 mm. In a standard SF10 prism compressor several meters 
between the prisms would be necessary to obtain enough negative dispersion. The total 
transmission through the 4-pass compressor was measured to be 75.4%. The resulting output 
power after compression was 55 W, corresponding to a pulse energy of 5.2 µJ. The obtained 
pulses after compression were characterized using an SHG FROG [32] and the obtained 
results are presented in Fig. 5. The retrieved FROG trace shows a FWHM pulse duration of 
98-fs and a peak power of 32.7 MW (taking into account the energy distribution of the exact 
pulse shape as shown in Fig. 5). The retrieved pulses are compared to the Fourier limit of the 
measured spectra after the amplifier and to simulations performed using a home-programmed 
split-step Fourier nonlinear propagation software. The values used for coupling efficiencies 
were typical values of ηpump = 70% and ηseed = 80%. The simulated compression is done using 
negative second order dispersion and optimizing for peak power. A comparison of the 
different parameters obtained is presented in Table 1. 
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Fig. 5. SHG FROG characterization of the compressed pulses at the maximum output power of 
55 W. Bottom right inset: Measured FROG trace. The FROG grid used was 256x256, and the 
retrieved error was 7.10−3. Top right inset: measured spectrum at maximum output power. 

Table 1. Different pulse characteristics of the retrieved, simulated and transform-limited 
pulses for the 55-cm rod-type amplifier 

 Retrieved Transform-limit Simulated 

Pulse FWHM 98 fs 91 fs 97 fs 

Peak Power 32.7 MW 43.2 MW 37.9 MW 

Energy in the main pulse 66% 81% 77% 

Strehl ratio 0.76 - 0.87 

As can be seen in Fig. 5 and Table 1, a residual picosecond background in the pulse limits 
the amount of energy in the main pulse to only 66%. This leads to a temporal Strehl ratio 
(corresponding to the ratio between the peak power obtained and the peak power of the 
transform-limited pulse corresponding to the measured spectrum [33]) of 0.76. According to 
the simulations a Strehl ratio of 0.87 could be achieved with the measured spectrum 
considering only second-order dispersion. The difference to the transform-limit is partly due 
to the uncompensated third-order dispersion. We can see in the top-right inset of Fig. 9 below 
that the retrieved spectrum and the independently measured spectrum using an optical 
spectrum analyzer are in good agreement. The system was operated for around one hour 
before damage was observed. This made precise optimization of the gratings difficult at this 
power level. Nevertheless, the pulses obtained are in good agreement with the performed 
simulations and peak powers >30 MW were obtained in this way. On the other hand, although 
higher peak powers seem to be feasible with this system, two rods were damaged at this 
output power level, indicating that the system is operating close to its damage limit, and is not 
suitable for further amplification and/or compression to shorter pulses. More details on the 
observed damage behavior will be discussed in a next paragraph. 

2.2 Second stretcher-free amplifier system: 4500 µm2 core area rod-type fiber delivering 
34 W, 65 fs, 3.2 µJ, 10.6 MHz, 32 MW peak power 

The second fiber amplifier system consisted of a shorter (36 cm) polarization maintaining rod-
type fiber with a larger core diameter of 100 µm and a resulting mode field area A = 4500 µm2 
which is two times larger than in the previous setup. The pump cladding is also larger with a 
diameter of 285 µm. The rod has two uncleaved 8-mm end-caps at the input and output facets. 
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Although the input end-cap is beneficial to prevent damage of the rod due to the seed laser 
pulses, the peak power levels at the input of the rod should not reach critical damage levels. 
At the output facet, the presence of an end-cap is crucial to avoid damage of the rod. 
Furthermore, the larger core size should limit the probability for bulk and surface damage of 
the rod by operating at lower intensities for a given peak power. Furthermore, the larger core 
size combined with a shorter fiber length allows for enough spectral broadening to generate 
sub-100 fs pulses in a simpler setup where no stretching of the seed laser pulses is necessary. 
The setup is shown in Fig. 6. 

Output 

Pp=120 W 
λ = 976 nm

Seed Laser: Yb:YAG 
SESAM modelocked TDL

36 cm Yb-doped 
rod-type fiber
φcore = 100 μm
φclad = 285 μm

Compressor:
2X 1250 l/mm
transmission

gratings

Pav = 16 W 
frep = 10.6 MHz 

τp = 1 ps
λ = 1030 nm

Pump Laser:λ/2

optical 
isolator

End-caps
L = 8 mm
uncleaved 

 

Fig. 6. Second compressor amplifier system: the 36-cm fiber amplifier with a core area of 4500 
µm2 is seeded directly with the high-power thin disk laser oscillator. The compressor stage 
consists of a single pass through two transmission gratings. 

We launched the full seed laser power into the fiber (15 W of launched power). The 
performance of the fiber amplifier is shown in Fig. 7. The full power of the pump was not 
used in order to avoid damage of the rod and/or self-focusing effects. We therefore limited the 
launched pump power to an amplification leading to an output power of approximately 40 W, 
corresponding to 3 MW of peak power at the end of the rod. This value is to be compared to 
the reported approximate critical self-focusing peak power of 4 MW [34]. 
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Fig. 7. Left: Fiber amplifier performance Right: M2 measurement of the output of the fiber at 
the maximum output power level of 39.5 W. 

In spite of the shorter fiber length, good amplification performance could be obtained from 
this system. At an output power of 39.5 W, the optical-to-optical efficiency reaches 48.8% 
(Fig. 7 left). The output of the fiber amplifier was close to the diffraction-limit with a 
measured M2 <1.2 at the maximum output power level (Fig. 7 right) and was linearly 
polarized with a measured PER of 10 dB. The slight degradation of the PER observed at these 
high peak powers compared to the previous system is probably due to remaining mechanical 
stress from the fiber mount on the rod, which can degrade the polarization maintaining feature 
for the extremely large core areas considered. Although the amplifier is not totally saturated at 
this power level, we limited ourselves to this output power to avoid damage of the rod. The 1-
ps input pulses are slightly stretched to 1.5 ps at the maximum power level due to dispersion 
in the fiber. The spectral broadening that occurs with amplification is shown in Fig. 8. 
Without any amplification, propagation of the seed pulses already generates more than 20 nm 
of spectrum due to SPM. At the maximum output power we observed over 35 nm of spectral 
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broadening and some spectral shaping due to the gain spectrum of the fiber, which makes the 
spectrum asymmetric at higher output powers. 

 

Fig. 8. Observed spectral broadening at different output powers. We also observe some spectral 
shaping probably due to the gain bandwidth. 

The compression stage consists of a single pass two-grating compressor [31]. The gratings 
used are 1250 l/mm transmission gratings. In order to compress the pulses at the maximum 
output power, the negative dispersion needed is approximately −16’000 fs2, which 
corresponds to a grating distance of approximately 1.3 mm in a double-pass configuration. At 
the expense of some spatial chirp that can be neglected, the compression scheme used was a 
one-pass two-grating compressor with a distance between the gratings of 2.6 mm. In this case, 
the measured spectrum at full power extends spatially over 170 µm. This can be neglected 
over a total beam diameter of 1.9 mm. With this compression scheme we achieved a 
compression efficiency of 86% at full power, and a resulting compressed power of 34 W. The 
compressed pulses were characterized using an SHG FROG [32]. The retrieved pulses can be 
seen in Fig. 9 and are compared to the transform-limited pulse of the measured spectrum and 
the simulated pulses using the same software described for the first setup. The different pulse 
parameters are summarized in Table 2. 
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Fig. 9. SHG FROG characterization of the compressed pulses at the maximum compressed 
power of 34 W. Bottom right inset: Measured FROG trace. The FROG grid used was 256x256, 
and the retrieved error was 4.10−3. Top right inset: measured spectrum at maximum output 
power. 
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Table 2. Different pulse characteristics of the retrieved, simulated and transform-limited 
pulses for the 36-cm rod-type stretcher-free amplifier system 

 Retrieved Transform-limit Simulated 

Pulse FWHM 65 fs 62.8 fs 60.5 fs 

Peak Power 32 MW 39.3 MW 37.5 MW 

Energy in the main pulse 65% 79% 72% 

Strehl ratio 0.81 - 0.91 

The retrieved pulses have a FWHM duration of 65 fs, with 65% of the total amount of energy 
within the main pulse resulting in 32 MW of peak power. Although this value is lower than 
for the previous setup, the resulting Strehl-ratio of 81% shows that we are closer to the 
transform-limited case. A better Strehl ratio could be obtained by carefully optimizing third-
order dispersion of the system, especially for these shorter pulse durations. We can see in the 
top-right inset of Fig. 9 that the retrieved spectrum and the independently measured spectrum 
using an optical spectrum analyzer are in good agreement. The residual spatial chirp of the 
compressed beam can probably account for the small difference observed in the peak heights. 
Nevertheless, the accumulated nonlinear phase is confirmed. The pulses obtained show a good 
agreement with pulse propagation simulations carried out with the same software as described 
for the first setup. The small difference observed can probably be accounted for by the 
spectral asymmetry observed in the measured spectrum that is not present in the simulations, 
since the software does not take into account the gain bandwidth. 

3. Further scaling of these systems: damage and self-focusing considerations 

The main energy limitations of the systems described in this paper are due to operation of 
these fiber amplifiers at very high peak powers, close to the intrinsic damage thresholds and 
critical self-focusing. Many investigations on fiber damage have been carried out in order to 
establish guidelines on how to avoid these detrimental effects [34,35]. However, threshold 
values are always strongly dependent on experimental conditions such as pulse parameters, 
coupling conditions, and doping concentration, which is of particular importance to fiber 
amplifiers. We have summarized the different relevant operation parameters of these two fiber 
amplifier systems in Table 3, which identify the different mechanisms that currently limit 
further power scaling. 

Table 3. Operation points at maximum output power and reported damage parameters 

 2200 µm2 core rod 4500 µm2 core rod Critical threshold 

Peak power (output of the rod) ~2.2 MW ~3 MW ~4 MW [34] 

Peak intensity (before end-cap) ~2 kW/µm2 

( = 2·1011 W/cm2) 
~1.2 kW/µm2 

( = 1.2·1011 W/cm2) 
> 2 kW/µm2 [36] 
( = 2·1011 W/cm2) 

Peak intensity (after end-cap) ~40 W/µm2 

( = 4·109 W/cm2) 
~44 W/µm2 
( = 4.4·109 W/cm2) 

 

Observations Damage No Damage  

There are mainly three possible reasons for damage or beam degradation in fiber systems 
operated at high peak power levels: self-focusing, surface or bulk damage. Concerning self-
focusing, the critical peak power threshold commonly used for silica fibers is 4 MW [34,35] 
The manufacturer reported values in the order of several hundred W/µm2 for the surface 
damage threshold peak intensity of similar Yb-doped cores without an end-cap [36]. 
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In the case of the 55-cm rod with a core area of 2200 µm2, damage was observed at the 
same intensity level in two different occasions. In both cases, the damaged area was inside the 
rods and close to the interface between the end-cap and the rod where the maximum intensity 
reaches 2 kW/µm2 The peak power of 2.2 MW does not reach values where significant beam 
degradation due to self-focusing is observed, which seems to indicate that the bulk damage 
threshold has been reached. 

In the case of the 36-cm rod with a core area of 4500 µm2, neither damage nor beam 
degradation was observed at an even higher peak power of 3 MW. At this level, self-focusing 
does not seem to affect the beam quality at the output of the amplifier. The corresponding 
maximum intensity is 1.2 kW/µm2, which is 60% lower than the value where damage was 
observed for the previous fiber. However, if we consider further power scaling of this system, 
beam degradation due to self-focusing might be apparent before surface or bulk damage are 
reached [34]. 

In the stretcher-free configuration with the input pulse parameters of our thin disk laser, an 
increase in average output power would potentially result in damage or self-focusing. 
Therefore, the only possible approach to scale the compressed peak power is to increase the 
spectral broadening at this fixed maximum output power level. 

In the system presented here, we clearly benefit from the high initial output energy of the 
oscillator that saturates the amplifier and enables important spectral broadening. Fig. 10 (left) 
clearly shows the benefit in peak power with higher seed power for constant average output 
power and constant rod length. The output power is kept constant by adapting the pump 
power. A higher input power corresponds to a lower overall gain. As we can see in the 
simulations, the peak power is increased for a higher input power. 

In our system we could also increase the peak power by increasing the length of the rod. In 
Fig. 10 (right) we simulated the effect of increasing the length of the rod at a given pump and 
input power. As we can see, an increase of a factor of two in fiber length (from 300 mm to 
600 mm) results in an output power increase of approximately 10%. We experience a higher 
benefit for the compressed peak power by more than a factor of two, because of the additional 
SPM accumulated in the longer rod. However, only a 36-cm-long rod was available at the 
moment, and one should also consider that using a too long rod might lead to parasitic 
nonlinear effects such as Raman scattering. 
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Fig. 10. Simulations performed with the home-programmed split-step Fourier software 
described in paragraph 2. Left: compressed peak power as a function of the input average 
power for a given average output power. Right: compressed peak power and average output 
power as a function of the fiber length. 

4. Conclusion and Outlook 

We have presented two systems for pulse compression of a thin disk oscillator and discussed 
the performance as well as the main limitations of these systems. The results are summarized 
in Table 4. 
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Table 4. Summary of the results obtained with the two rod-type fiber amplifier systems 

 System 1 System 2 

Length of fiber amplifier 55 cm 36 cm 

Core diameter 70 µm 100 µm 
Input average power (launched) 12 W 15 W 
Input pulse duration 1.9 ps 1 ps 
Maximum output average power 73 W 39.5 W 
Output pulse duration 2.7 ps 1.5 ps 
Output peak power 2.2 MW 3 MW 

Compressed average power 55 W 34 W 
Compressed pulse duration 98 fs 65 fs 
Compressed energy 5.2 µJ 3.2 µJ 
Compressed peak power 32.7 MW 32 MW 
Strehl ratio 0.76 0.81 
Limitation Damage - 

The seed laser used in both cases consists of a standard Yb:YAG thin disk laser and delivers 
16 W of average power at a pulse repetition rate of 10.6 MHz and a laser wavelength of 
1030 nm. The resulting pulse energy is 1.6 µJ in 1-ps long pulses. 

The first compression system consists of a 55-cm-long polarization-maintaining rod-type 
fiber amplifier with a core size diameter of 70 µm. We used the minimum stretching factor of 
the input pulses to avoid damage of the rod. We obtained, in this case, 55 W of compressed 
average power in 98-fs pulses, corresponding to a peak power of 32.7 MW and a pulse energy 
of 5.2 µJ. The main limitation of this system was damage observed at the highest average 
output power indicating operation close to the bulk damage threshold of silica. 

In the second compression setup, we used a shorter rod-type fiber (36 cm) with a larger 
core size diameter of 100 µm, leading to a core area 2 times larger than for the 55-cm rod. 
This allowed us to directly seed the amplifier without stretching the input pulses. With this 
setup we achieved 34 W of compressed average power and pulses with a duration 65-fs pulses 
leading to 32 MW of peak power. The larger core size allowed for a simpler stretcher-free 
configuration, where damage could be avoided at similar peak power levels in the rod. 
Nevertheless, self-focusing may be apparent in this case before damage can occur, which is 
one of the reasons why we limited the output average power to 40 W before compression. 
Stretching the input pulses to generate a lower peak power at the output facet of the fiber 
would represent an alternative to safely increase the output average power. However, this 
would be at the expense of simplicity of the setup. 

In both amplifiers a compromise in peak power in the rod had to be made. In order to 
reach a high compression factor, significant peak power in the fiber is needed. The maximum 
applicable peak power is set by damage and/or self-focusing. Furthermore, the goal was to 
achieve high pulse energies (typically > 3 µJ) after compression in the simplest possible 
configuration. Therefore the stretcher-free approach was preferred. Given these design 
parameters, the performance obtained from each system were specific to each experiment and 
to the corresponding risks that were taken. In both systems, we could achieve peak power 
levels >30 MW at several µJ pulse energy. The high-power SESAM modelocked thin disk 
laser used as a seed for both amplifiers allowed for simple setups where the oscillator directly 
saturates the main amplifier and generates enough spectral broadening to support sub-100 fs 
pulses. 

One could think of operating such an amplifier system in the parabolic regime where the 
obtained chirp due to the spectral broadening is quasi-linear and the quality of the compressed 
pulses is higher. However, for the picosecond source and sech2-shaped seed pulses this would 
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require the use of long fibers, and parasitic nonlinear effects such as Stimulated Raman 
scattering (SRS) might degrade the convergence to the parabolic regime [37]. In this case, the 
use of a thin disk seed laser with shorter pulses would be beneficial. Furthermore, the gain 
bandwidth limitation makes the compression schemes in this regime more challenging 
[26,38]. 

Another approach would be to extend the work on passive LMA fiber compression, by 
using passive large mode area rods directly seeded by higher energy seeds, such as for 
instance the demonstrated oscillator delivering 10 µJ pulse energy [12]. The high peak power 
levels of this system would require stretched pulses of approximately 3 ps in order to avoid 
self-focusing. This larger stretching ratio makes a good compression quality to sub-100-fs 
challenging. Using a passive rod with 4500 µm2, our simulations predict that after 80 cm of 
propagation we would obtain 85 fs pulses with 80 MW peak power. However, the passive 
rod-fiber development has not received the same attention as the fiber amplifiers, which limits 
their availability. 

Although high peak powers were obtained with this setup, the limitations of these systems 
seem to indicate that further peak power scaling to sub-50 fs pulses and/or higher energies 
require other compression schemes such as compression in gas-filled hollow core fibers [39] 
filament compressors [40] or OPCPA techniques [11]. 
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