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175 W average power from a single-core rod
fiber-based chirped-pulse-amplification system
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We report on a fiber-based chirped-pulse-amplification laser
system with bulk transmission grating compression to a
pulse duration of 357 fs, average power of 175 W, and
pulse energy of 233 uJ. The compressed pulse train has a
beam quality factor M? of 1.21. The power amplifier is based
on a state-of-the-art single-mode photonic crystal rod-type
ytterbium-doped fiber operating at 248 W of average power
and a repetition rate of 750 kHz. The long-term stability of
the laser system has been tested continuously for more than
4000 hours and shows no sign of transverse mode instability.
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Fiber-based amplifiers have attracted much attention from both
academia and industry, due to the large surface to volume
ratio offered by optical fibers and the resulting advantages with
respect to thermal management, pushing the boundaries for aver-
age power scaling, while at the same time maintaining near
diffraction limited beam quality. However, optical nonlinearity
becomes an increasing problem for scaling power, due to the long
interaction length and relatively small effective area offered by
traditional gain fibers. The threshold for nonlinear effects can
be increased by increasing the effective area of the guided mode
in the active fiber and by increasing pump absorption, thereby
decreasing the effective length of the amplifier [1,2]. Another
way to counter nonlinear effects is to lower the intensity in
the fiber by using a chirped-pulse-amplification (CPA) scheme,
based on stretching the pulse in time before the amplification
stage followed by an external temporal compression [3]. Fur-
ther power scaling with near diffraction limited output may be
achieved through coherent beam combination of a multi-channel
amplification system [4] or in a multi-core fiber configuration
[5]. Another limitation for fiber based amplifiers, including rod-
fiber amplifiers, is the onset of transverse mode instability (TMI)
limiting the average power that can be extracted while maintain-
ing stable operation. If the TMI level in the amplifier becomes
significant, it will impact the beam quality and stability, as the
output mode will contain a significant amount of higher-order-
mode content and reduce the quality of the laser output. The
onset of TMI is, among other things, related to the heat load per
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unit length of the fiber and the finite suppression of higher-order
modes (HOMs) [6—10]. Ways to mitigate TMI therefore include
means to reduce the heat load as well as fiber designs ensuring
strong suppression of HOMs.

In this paper, we focus on power scaling in single-channel
amplifiers and take advantage of both the CPA scheme as well
as the large effective area of ytterbium-doped rod-fiber ampli-
fiers with TMI thresholds well-above 250 W of average power.
Individual reports of single-channel fiber-based CPA systems
have previously been published demonstrating average power in
excess of 100 W [11], pulse duration less than 400 fs [12,13],
or pulse energy above 150 pJ [14]. It is desirable to combine
high pulse energy levels with repetition rates approaching MHz
level. In this paper, we demonstrate a single-channel CPA sys-
tem with 233 uJ of pulse energy operating at a repetition rate
of 750 kHz, which has not previously been achieved to the best
of our knowledge. It is achieved by having an average power of
175 W, a pulse duration of 357 fs, and a beam quality factor M?
of 1.21 after re-compression.

A schematic of the full CPA system is shown in Fig. 1 compris-
ing a front end (section 1), a power amplifier based on rod-fiber
amplifiers (section 2), and a compressor (section 3). Follow-
ing the compressor, the output is analyzed in terms of power,
temporal, spectral, and spatial characteristics (section 4). The
front end comprises a mode-locked seed laser providing a pulse
train of 170 fs pulses at a center wavelength of 1029 nm, and
at a repetition rate of 40 MHz. The pulses from the seed laser
are temporally stretched in a dual-stretcher fiber Bragg grating
based configuration with mid-stage amplification (Amp 1) fol-
lowed by an acousto-optic modulator (AOM) reducing the pulse
repetition rate down to 750 kHz, and two additional fiber ampli-
fiers labeled Amp 2 and Amp 3. The repetition rate is lowered to
increase the pulse energy. Amp 1 and Amp 2 are both standard
6-um core pumped step-index single-mode fiber based ampli-
fiers, whereas Amp 3 is based on a double-clad ytterbium-doped
fiber (DC-135/14-PM-Yb from NKT Photonics). The fiber front-
end section delivers 500 mW of output power with a full width
half maximum (FWHM) pulse duration of 1.5 ns. The output
from the front end is free-spaced coupled to the first rod-fiber
amplifier (Amp 4) which delivers 25 W of output power cou-
pled to the second rod-fiber amplifier (Amp 5), where the signal
is further amplified to 248 W corresponding to a pulse energy
of 333 wJ and a peak power of 216 kW. Amp 4 is based on a
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Fig. 1. Schematic setup of the CPA system using the rod ampli-

fiers with the bulk compressor for temporal re-compression of the
optical pulse.

standard commercially available aeroGAIN-ROD (aeroGAIN-
ROD-PMS85 from NKT Photonics), while the rod-fiber used in
Amp 5 is an improved version of the aeroGAIN-ROD developed
to suppress the TMI onset allowing to scale power. Both rod-
fibers used on Amp 4 and Amp 5 have a core size of 85 pm
surrounded by a photonic crystal cladding structure and a 260
pm pump guide. The passive mode-field diameter (MFD) of both
rod-fibers without the presence of heat load is 60 pm—-65 pm at
1030 nm. All amplifiers in both the front-end and power ampli-
fier section are backward pumped and, with the exception of
Amp 1, there is an optical isolator following all amplification
stages. The pump lasers for the two rod-fiber amplifier stages are
volume Bragg grating stabilized with an operation wavelength of
976 nm. (Pump lasers for Amp 4 and Amp 5: €18.130.0976200
from nLight and D4F2Q22-976.0,6-400C-1545.11 from DILAS
now Coherent.) The output of the power amplifier is passed
through two twofold table-top bulk optical compressors, before
the laser output is characterized. The bulk transmission grat-
ings in the compressor yields a overall transmission of the two
twofold compressors of ~ 80%. In Fig. 2 the average signal
power measured after the compressor is shown along with the
average signal power and MFD from the output of Amp 5, all
as a function of the pump power in Amp 5. The pump to signal
slope efficiency for the signal out of the compressor is 0.52. For
the power output of Amp 5 before the transmission through the
compressor, the slope efficiency is 0.68. As the aeroGAIN-ROD
is a large core single-mode fiber, the numerical aperture is cor-
respondingly small, which in turn makes the NA susceptible to
thermally driven index changes, which for silica are of the order
of ~ 1 x 107° K~! [15]. Tt is the heating of the fiber core which,
through the effect of thermal lensing, causes the MFD of the
fiber to change from ~ 60 pm to ~ 50 pum as the signal power
is ramped from zero to 248 W.

The long-term stability of the full CPA system including
front-end, power amplifier, and compressor has been tested con-
tinuously for more than 4000 hours. The main motivation for
a long-term test of this duration is that TMI is a function of
the accumulated photo-darkening (PD) over time. PD causes an
increasing amount of heat to be deposited in the fiber, in turn
leading to a reduction of the TMI threshold [16,17]. In [16], the
heat-load contribution from the PD process is shown to be more
than 50% of the total heat load and this contribution cannot be
expected to be observed from only a short-term test.

The evolution of the signal output power measured after the
compressor and the MFD at the output of the rod-fiber in Amp
5 as a function of run-time are shown in Fig. 3.
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Fig. 2. Signal power after the compressor together with the MFD
and the power output of the second rod-fiber amplifier are shown as
a function of pump power. The MFD is measured by taping the beam
right after the collimated output of the amplifier. The end-facet of
the rod-fiber is imaged to a camera with a microscope setup.
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Fig. 3. Signal power evolution after the compressor and MFD of
the second rod-fiber amplifier is shown as a function of run-time.
The gap in the data is due to data logging failure. Stop and start
effects in the power measurement have been removed for clarity.

Over the full duration of the long-term test, the decay in
measured output power from the compressor is approximately
10 W comprised by a 4 W decay observed during the initial
30 hours of the test followed by a gradual decay of 6 W over
the following 4000 hours corresponding to a rate of ~ 0.8% per
1000 hours.

Over the course of the long-term test, a reduction in MFD of
2 um, corresponding to a relative change of 4%, is observed.
The rate of change appears to decrease over time and during the
last more than 1000 hours of the test, the variations in MFD are
less than the measurement uncertainty indicating a saturation in
the MFD value. The change in MFD is attributed to a gradual
change of refractive index of the fiber core, which in turn is
caused directly by the PD-induced index changes as well as a
slight increase in thermal lensing related to the PD-induced heat
load.

In Fig. 4, data of the auto-correlation trace measured after
the compressor along with the associated sech’ fit, the output
wavelength spectrum, and an insert of the intensity profile of
the rod-fiber in Amp 5 are shown for run-times of O hours,
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Fig. 4. Auto-correlation and spectrum measurement for different
run-times: 0 hours; 2075 hours; and 4150 hours from top to bottom,
respectively. The insets on the left show the mode profile of the sec-
ond rod amplifier. The size of the sidebands in the auto-correlation
does not change significantly in the course of the long-term test.

2075 hours, and 4150 hours. The auto-correlation traces have
small-intensity sidebands, caused by a nonlinear phase shift
accumulated during the amplification process, and show fair
agreement with the sech® fit indicating a good re-compression
of the pulse. The auto-correlation traces were measured approx-
imately one time per hour during the full long-term test. The
CPA system is built in a free-space table-top configuration, and
the pulse duration is sensitive to changes in ambient conditions
such as lab temperature. Despite this, the measured pulse dura-
tion is below 400 fs for the majority of the run-time and shows a
median value of 357 fs. The rod amplifiers are not subjected to
the same change in the ambient temperature as the rod modules
are water cooled and kept at a constant temperature of 25°C.

Similar to the auto-correlation, the output spectrum was
also recorded approximately once per hour. The average 3
dB (FWHM) and 10 dB bandwidth of the spectrum after the
compressor is 5.5 nm and 9.6 nm, respectively. The final 3 dB
bandwidth of the spectrum is a result of the transmission and
gain shaping of the initial spectrum through the different stages
of the CPA system. The 3 dB bandwidths of the seed laser,
front-end, amp 4, and amp 5 are 6.8 nm, 6.7 nm, 6.4 nm, and
5.8 nm, respectively. The spectrum remains stable throughout
the duration of the long-term test. It is noted that the spectrum
is abruptly cut on the long-wavelength side due to a spatial
beam cutoff on compressor gratings. The spectrum show inten-
sity ripples, indicating a contribution of nonlinear phase-shift,
which may impact the re-compression level. The tests performed
at the repetition rates below 750 kHz confirmed that increased
pulse energy causes larger intensity ripples in the pulse spectrum
and results in increased sidebands observed in auto-correlation
traces. Using the measured output spectrum of the compressed
pulse and assuming zero phase, then the transform-limited pulse
duration is calculated to 330 fs.

The MZ-values of the output beam after the compressor
are measured point-wise during the long-term test and remain
constant with small fluctuations. The average values from 96
measurements of the M’-values are M? = 1.21, M2 = 1.17,
Astigmatism = 0.07, and Asymmetry = 1.15. In the insets of
Fig. 4, the mode profiles of the output beam from the Amp 5
are shown. The beam has a Gaussian-like spatial profile with
M; = 1.04, M; = 1.04, Astigmatism = 0.02, and Asymmetry =
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Fig. 5. Spectrogram of the (a) TMI and the (b) integrated TMI
power. To remove the contribution from the mechanical movements,
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Fig. 6. TMI power spectral density at the end of the long-term
test. The intensity and phase of the spatially reconstructed modes
are shown for the peaks with a red cross. All peaks have a funda-
mental mode signature in the intensity and phase, hence a result of
modulation intensity.

1.03. For this high power CPA system, the high beam quality is
ensured by the rod-fiber amplifier.

The evolution of the TMI content characterized at the output
Amp 5 throughout the full duration of the long-term test is shown
inFig. 5. The TMI dynamics are investigated and analyzed with a
fast camera using the ST-method [18], providing in-depth details
about TMI dynamics of the amplifier.

Most of the peaks in the spectrogram change frequency dur-
ing the long-term test. A detailed investigation of these peaks,
using the ST-method, reveals that the majority of the peaks are
associated with intensity modulation. Examples of the inten-
sity modulation peaks are shown in Fig. 6. The repetition rate
of the laser output is much higher than the sampling rate of
the camera, hence the under-sampled laser repetition rate can be
mapped to wrong frequencies. The discrete lines in time in Fig. 5
are where the overall dynamics changes are associated with the
system being turned off and on with changes in the integration
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time of the camera. The integrated TMI level remains negligi-
ble throughout the long-term test with a maximum value less
than —29 dBc including also the intensity modulation peaks. An
important fact is that even though there is some parasitic PD
in the long-term test, as seen in Fig. 3, the additional heat-load
does not impact the TMI signal, which validates the increased
TMI resistance of the improved aeroGAIN-ROD. The previous
generation of the aeroGAIN-ROD was tested in the setup and
showed a TMI signal stronger than —15 dBc under the same test
conditions. This is in line with other reported TMI values at the
same power level for the aeroGAIN-ROD and other types of rod
amplifier fibers, which show a clear TMI signal [17,19,20]. The
low TMI signal of the improved aeroGAIN-ROD demonstrates
that this power-level is stable for long-term operation and that
the CPA system is not TMI limited.

In conclusion, we have demonstrated a single-core rod fiber-
based CPA system delivering 357 fs pulses at 1030 nm with a
repetition rate of 750 kHz, 175 W average power, 233 puJ pulse
energy, and an M? of 1.21. We have shown that the long-term
effects on a state-of-the-art single-mode photonic crystal rod-
type ytterbium-doped fiber do not give rise to any increase of
TMI due to photo-darkening, which makes it possible to operate
the amplifier at 248 W average power for more than 4000 hours
free of TMI. This demonstrates that large core photonic crys-
tal fibers are a suitable technology to realize laser systems
with near diffraction-limited output beam quality delivering
ultrashort pulses with energy of hundreds of uJ at near-MHz
repetition rates. Development in the thermal management and
scaling of fiber core size will provide a route for further power
scaling.
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