| 3840 Vol. 41, No. 16 / August 15 2016 / Optics Letters

Optics Letters

Direct regenerative amplification of femtosecond
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We present a compact femtosecond nonlinear Yb:YAG
thin-disk regenerative amplifier delivering pulses carried
at a wavelength of 1030 nm with an average power of
>200 W at a repetition rate of 100 kHz and an energy noise
value of 0.46% (rms) in a beam with a propagation factor of
M? < 1.4. The amplifier is seeded with bandwidth-limited
subpicosecond pulses without temporal stretching. We
give estimates for the nonlinear parameters influencing
the system and show that chirped mirrors compress the
2 m] pulses to a near-bandwidth-limited duration of
210 fs. © 2016 Optical Society of America

OCIS codes: (140.3615) Lasers, ytterbium; (140.4480) Optical ampli-
fiers; (140.3480) Lasers, diode-pumped; (320.7090) Ultrafast lasers;
(820.5520) Pulse compression.
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Femtosecond sources for attosecond science have so far been based
on Tisapphire (Ti:Sa) laser systems that provide millijoule-scale
pulses with spectral bandwidths supporting pulse durations of
typically less than 5 fs [1-3], building well-developed sources
for attosecond science [4]. Ti:Sa laser systems, however, are limited
to average power levels of ~10 W [5] by thermal problems. High-
repetition-rate driving lasers would benefit attosecond metrology
and spectroscopy in many applications, including coincidence
measurements and spectroscopy of low-cross-section systems [6,7].

Overcoming the average power limitation of Ti:Sa systems
in multimillijoule (multi-mJ) femtosecond pulse generation is
challenging and constitutes a hot topic in current laser develop-
ment. Established gain media supporting 0.1-1 kW output
power, such as Yb-doped materials, have much narrower gain
bands [8]. Nevertheless, these media have been the basis for
several improvements in energy scaling of mode-locked oscil-
lators [9-11], fiber lasers [12], and optical parametric chirped-
pulse amplifiers (OPCPAs) [13-15].

Ytterbium laser amplifiers have so far relied on chirped-pulse
amplification (CPA) to deliver multi-m] pulse energies in order
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to avoid damage or nonlinear effects during the amplification
process. CPA systems, such as fiber laser amplifiers [12], Yb:YAG
thin-disk amplifiers [16—18], and Innoslab amplifiers [19], rou-
tinely deliver multi-m] pulse energies at repetition rates from a
few kilohertz (kHz) to several hundred kHz. Additionally, cryo-
genic Yb:YAG amplifiers have proven to deliver multi-m] pulses
[20]. These architectures provide pulse durations of 200 fs (fiber)
or <0.4-3.6 ps (thin-disk, Innoslab, and cryogenic systems) and
are rapidly proliferating as drivers of pulse compressors and
OPCPA systems. Implementing CPA in Yb-doped fiber ampli-
fiers, however, requires large amounts of group delay dispersion
(GDD) and, hence, expensive, large-aperture gratings for stretch-
ing and recompression [21].

The millijoule-scale pulse energy of high repetition rate sys-
tems suggests that avoiding CPA to reduce both the complexity
and the cost of the amplifier is feasible using an amplifier with
reduced nonlinearity [22-24]. A pulse duration considerably
shorter than 1 ps is beneficial to allow for both direct compres-
sion of the laser output toward the single cycle regime and ef-
ficiently pumping femtosecond optical parametric amplifiers.

In amplifiers based on direct amplification of short pulses
(~1 ps), nonlinear optical effects even prove beneficial
[16,25-27]. Self-phase modulation (SPM) in these systems
leads to an increase of the spectral bandwidth of the pulses dur-
ing amplification. Consequently, gain narrowing can be over-
come. Systems based on this approach have been demonstrated
with a pulse energy of up to 360 pJ at 100 kHz repetition rate
with pulse duration of <300 fs (Yb:YAG) [28].

Here we report CPA-free short pulse generation in an Yb:YAG
thin-disk regenerative amplifier by exploiting SPM-induced spec-
tral broadening during the amplification process. We have ob-
tained 2.0 m] pulses with 210 fs (FWHM) pulse duration at
100 kHz repetition rate. The resultant peak power of 7.3 GW
fills the gap between high-power oscillators and CPA systems.

The front end for the regenerative amplifier [see Fig. 1(a)] is
based on a Menlo Orange Yb-fiber oscillator emitting 100 mW
at 100 MHz repetition rate. A rubidium titanyl phosphate
(RTP) pulse picker reduces the repetition rate to 100 kHz.
The oscillator delivers stretched pulses of ~2 ps duration,
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Fig. 1. (a) Schematic layout of the amplifier. The seed laser system is
based on a 100 MHz, 100 mW Menlo Systems Yb-fiber laser. The re-
generative amplifier consists of an isolator stage composed of a thin-film
polarizer (TFP), a Faraday rotator (FR), and a 1/2-wave plate (WP).
Directly following the FR a second telescope reduces the beam to match
the cavity mode size at the entry of the cavity. The optical switch inside
the cavity contains a ff# - BaB,O4 (BBO) crystal and a wave plate. The
compressor consists of 30 chirped mirrors. (b) Calculated eigenmode of
the resonator. The vertical lines represent the positions of the curved
mirrors and the transmissive optical elements.

which are compressed with a compact grating pair to allow
seeding the regenerative amplifier with 106 fs near-
bandwidth-limited pulses of a spectral bandwidth of 30 nm
(FWHM) and a pulse energy 0.8 nJ.

An isolator consisting of a thin-film-polarizer (TFP), a
A/2-wave plate and Faraday rotator separates the input and
output pulses. The Faraday rotator contains a 20 mm thick
terbium gallium garnet (TGG) crystal with an aperture of
20 mm, allowing transmission of a beam with a diameter of
~9 mm (1/¢*) to minimize nonlinearities introduced by the
TGG crystal after amplification. A telescope behind the rotator
reduces the beam diameter to 4.5 mm (1/¢?), matching the
diameter to the resonator eigenmode.

The linear resonator of the regenerative amplifier [Fig. 1(b)]
includes a f# - BaB,Oy4 (BBO) crystal with 10 mm x 10 mm
clear aperture (12 mm x 12 mm total area) and a length of
20 mm. It is switched with a high-voltage, high-average-power
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driver provided by Bergmann Messgerite Entwicklung KG.
The voltage applied to the crystal is ~13.5 kV at 100 kHz rep-
etition rate. The amplification time within the cavity is set to
5.795 ps, leading to 110 full round trips in the resonator.

The pulse is amplified by a 0.1 mm Yb:YAG thin-disk pro-
vided by TRUMPF Laser GmbH, having a diameter of 9 mm
and a radius of curvature (RoC) of ~20 m. The thin-disk is
pumped into its zero-phonon line using a 969 nm pump diode
module (TRUMPF Laser GmbH) and a pump spot diameter
of 4.0-4.5 mm (1/¢?). The amplifying resonator is designed
to match both the aperture of the BBO crystal and the pump
spot diameter of the thin disk.

After amplification, a compressor based on 30 chirped mir-
rors introducing a GDD of -2000 fs* each removes the chirp
introduced by SPM of the output pulses. The compressor setup
covers a total area of 45 cm x 60 cm.

680 W of pump power leads to an output energy of 2.1 m] at
100 kHz repetition rate. This amounts to an overall optical-
to-optical efficiency of 31%. The slope efficiency of the system
is 38%. The moderate efficiency of the amplifier is considered to
be connected to the emerging nonlinear loss channels [29-31].

Figure 2 shows the output spectra for the different ampli-
fication levels controlled by the pump power while keeping
the round trips inside the cavity constant. It can be seen that,
for pulse energies lower than 100 pJ, only spectral components
significantly overlapping with the peak of the Yb:YAG emission
cross section [8] are amplified, leading to the well-known gain
narrowing effect. This results in significant spectral narrowing
of the pulse and lengthening of the pulse to ~1 ps. With in-
creasing pulse energy, nonlinear effects, primarily introduced by
the BBO crystal, become important and SPM broadens the
spectrum to reach >10 nm at 2 m] pulse energy. The output
spectrum calculated with our 1D-split-step model shows good
agreement with the measured spectrum (Fig. 2). The effective
nonlinear refractive index used in this model amounts
to ny, =024-n, , where n,  =5.6- 1072 m? /W [32].
The calculated B-integral amounts to 7.2 rad.

Self-focusing constitutes the second nonlinear influence on
the system. At gigawatt peak power levels, self-focusing caused
by the BBO crystal gradually alters the wavefront during the
amplification process. In a first approximation, the nonlinear
lens introduces an additional focusing element, the refractive
power of which scales linearly with the peak power of the
pulse [31]:
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Fig. 2. Simulated and measured output spectra for different pulse
energies. Above the threshold of ~100 pJ, SPM broadens the spec-

trum of the laser pulse.
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Fig. 3. Measured shift of the focal position in CW and pulsed
mode. The green solid line shows the fitted function. The black line
shows a linear fit to the CW data points.

where P, is the peak power of the pulse, w is the mode radius
(4.5/2 mm), L is the length of the nonlinear medium (BBO
crystal, 20 mm), £ is the pulse energy, 7 is the pulse duration
(1.4 ps), and n, . represents an effective nonlinear refractive
index. To get an estimate for Dy, the position of the focus
of the output laser beam was measured both in CW and in
100 kHz pulsed mode. Figure 3 depicts this change for different
output powers where the output power in CW is adjusted to
reach the same output power as in pulsed mode at 680 W pump
power. By comparing the behavior of the laser operating in CW
and at 100 kHz, it is possible to estimate the value of the non-
linear lens according to Eq. (1). By fitting the ABCD transition
matrix, we obtain 7, , = 0.15-m,, or ey = 4.6 dpt/]. In
comparing this result with the 1D-split-step model describing
the nonlinear behavior in the temporal domain, we find a
consistent reduction of the nonlinear refractive index 7, .
The refractive power calculated from this estimation is lower
than 0.01 diopter (dpt) at 2 m] pulse energy.

To guarantee a stable amplification process it is necessary to
match the laser mode for every round trip to the pump spot
on the thin disk. The resonator design shows low sensitivity of
the mode diameter at the thin disk to the changing nonlinear lens
for the parameter range estimated from the fitted value, as can be
seen from the calculations of the mode size in the cavity for differ-
ent refractive powers of the nonlinear focusing element shown in
Fig. 4. This ensures a good overlap between the pump beam diam-
eter and the beam inside the cavity over a wide pulse energy range.

Importantly, the resonator mode has no tightly focused
waist, allowing for amplification in air. Small beam diameters
or foci would otherwise limit the pulse energy to much lower
values than those that are presented here. To minimize the
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Fig. 4. (a) ABCD matrix calculation showing the eigenmode size
change at the two end mirrors and the disk with respect to a focusing
element at the position of the BBO crystal. (b) Relative change of the
functions shown in (a).
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Fig. 5. Measured long-term stability of the system. The system was
started in a cold state. After a 2 h warming-up phase, the system stayed
at 207 W with a noise value of 0.46% (rms). The inset shows the beam
profile of the output beam.

contribution of air, the resonator eigenmode has a minimum
beam diameter of more than 2.6 mm (1/¢?) [Fig. 1(b)].
Figure 5 depicts the output power of the amplifier (mea-
sured with an Ophir FL500A-BB-65 power head). The mea-
surement shows 6 h of operation starting from a cold system.
After a time of approximately 2 h, the system stays at the de-
sired 207 W output power with less than 0.5% rms fluctuation.
The pulse-to-pulse stability of the laser was measured by re-
cording 5000 subsequent pulses with a photodiode and shows
an upper bound of the rms pulse-to-pulse noise of 0.43%.
The output beam quality is close to the diffraction limit
with an M? < 1.4. The beam quality was measured using a
commercial Spiricon M? - 200 s taking the 46 beam diameter.
The nonlinear spectral phase and the intracavity GDD (do-
minated by the BBO crystal) introduce a positive chirp to the
2.1 m] output pulses. This results in an output pulse duration
of 1.4 ps (FWHM). A compressor consisting of 30 chirped mir-
rors compresses the output pulses. Each mirror has a GDD of
-2000 fs?, leading to ~6 - 10* fs? in total. The characterization
of the electric field using second-harmonic frequency resolved
optical gating (SH-FROG) shows that the compressor almost
perfectly removes the chirp carried by the output pulses (see
Fig. 6). The resulting pulse duration of 210 fs (FWHM) is close
to the Fourier limit [205 fs (FWHM)] and shows only minor
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Fig. 6. SH-FROG measurement of the compressed output

pulses (FROG error: 3.166 - 1073). The pulses are very close to the
Fourier limit (FL), showing an excellent temporal profile.
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satellites. The retrieved spectrum of the SH-FROG measure-
ment is in excellent agreement with the measured spectrum
of the pulse at 2 m] (see Fig. 2), indicating good reconstruction
of the electric field. The ratio of the peak power between the
Fourier limit and the compressed pulse is 89%. The efficiency
over the whole 35 mirrors in the compressor setup (chirped
mirrors + folding mirrors) amounts to 97%, leading to
2.0 mJ pulse energy and 7.3 GW peak power.

Our experiments show that the system can be operated at
variable repetition rates from a few kilohertz to 100 kHz. Up to
this level we did not observe restrictions in average power scal-
ing. Thus, the system holds promise to be scalable to higher
repetition rates. Currently, repetition rate scaling of the system
is considered to be linked to the maximum achievable repeti-
tion rate as provided by the high voltage Pockels cell driver.

In conclusion, we have demonstrated a powerful CPA-free
nonlinear Yb:YAG thin-disk regenerative amplifier. The system
is capable of running for hours at stable output power of
>200 W at 100 kHz repetition rate. The gain-bandwidth
limitation is overcome by SPM inside the resonator of the re-
generative amplifier. Although the laser runs in a strongly non-
linear regime, M 2 of the output beam was measured to be
<1.4, indicating an efficient spatial filtering in the resonator.
Furthermore, we have proven that the 2.1 m] output pulses can
be compressed to be nearly Fourier limited. The 210 fs pulse
duration (FWHM) in combination with the 97% efficiency of
the chirped mirror compressor results in a pulse energy of
2.0 mJ and 7.3 GW peak power after compression. The mea-
surements clearly show that the system is stable enough for fur-
ther usage as a driving laser for nonlinear optics. The laser pulse
duration is ideal for further external nonlinear compression
stages in cascaded second-order nonlinear processes [33,34]
or noble-gas-filled hollow core fibers [35]. External nonlinear
compression stages may render the described amplifier an ideal
source of high-repetition-rate few-cycle laser pulses for attosec-
ond pulse generation and spectroscopy.
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