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Ytterbium laser system for studying parametric amplification
of femtosecond pulses with a centre wavelength of ~2 pum

I.B. Mukhin, M.R. Volkov, I.A. Vikulov, E.A. Perevezentsev, O.V. Palashov

Abstract. A laser system is developed with an optical synchronisa-
tion of a femtosecond signal with a pump channel. The signal of a
driving ytterbium fibre laser with a 60 MHz repetition rate of
stretched femtosecond pulses is amplified in energy from several
nanojoules to 0.4 mJ at a pulse repetition rate of 3 kHz in a wide-
band amplifier and then is compressed in time to 250 fs. The
obtained radiation is used for generating femtosecond laser pulses
with a centre wavelength of ~2 um, pulse energy of above 20 pnJ,
duration of several field oscillations, and phase stabilisation between
the electromagnetic field and envelope. The other pulse of the driv-
ing fibre laser provides optical synchronisation and a minimal time
delay and is directed to a regenerative Yb: YAG disk amplifier for
amplification to an energy of 4 mJ at a pulse repetition rate of
3 kHz and duration of 20 ps. A multipass disk amplifier is devel-
oped for further increasing the energy of pump chirped pulses to an
energy of 70 mJ at a pulse repetition rate of 10 Hz and duration of
400 ps for studying parametric amplification under sub-nanosecond

pumping.

Keywords: ytterbium fibre laser, femtosecond pulses, Yb:YAG disk
amplifier, pulse compression, parametric amplification.

1. Introduction

The development of laser sources with an extremely high peak
radiation power in the IR range is one of the most promising
fields in studying interaction of radiation with matter. At pres-
ent, such sources have numerous scientific and technical appli-
cations. For example, in high-harmonic generation, a photon
energy increases with a wavelength of initial radiation [1], and
phase stabilisation between an electromagnetic field and enve-
lope allows one to generate separated attosecond pulses [2]. A
ponderomotive force increases with a wavelength, which
results in more efficient electron acceleration [3]. The effi-
ciency of generating terahertz radiation increases with a
wavelength of incident femtosecond laser radiation as A° [4],
and the spectral width may reach several octaves. For now,
we know only two laser installations of multi-terawatt power
level operating in the IR spectral range [5, 6], both of those
include a high-intensity Ti:sapphire laser for pumping a
parametric amplifier. Such a system is not optimal, because
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for this purpose one can use ytterbium picosecond lasers [7, §],
which have a high pulse energy at a pulse repetition rate
(PRR) of dozens and hundreds of hertz and are cheaper and
simpler in use. A possibility of this approach is demonstrated,
for example, in [9]. The present work reports first results on
developing a laser system for studying parametric amplifica-
tion of femtosecond pulses with a centre wavelength of ~2 um
pumped by picosecond pulses of ytterbium laser.

A flowchart of the laser system is given in Fig. 1. As a
single radiation source, a commercial sub-picosecond ytter-
bium laser is used, comprised of a fibre source with a 60-MHz
PRR and amplifier of pulses to an energy of 0.3 mJ with a
PRR of up to 15 kHz and duration of 250 fs. The amplified
signal is used for generating a wideband femtosecond radia-
tion in the range of 2 um basing on approaches similar to
those in [9, 10]. In this case, the pumping is performed by
another radiation pulse with a PRR of 60 MHz passed
through the developed ytterbium disk amplifiers with an out-
put energy of dozens of millijjoules. Such a system provides
optical synchronisation of the femtosecond pulse with the
pump pulse. By choosing properly (from a series of pulses
with a PRR of 60 MHz) the pulse amplified in the disk ampli-
fiers, one can minimise a length of the delay line needed for
synchronisation. Then the femtosecond radiation and pump
radiation pass to the developed units of parametrical amplifi-
cation and diagnosis of the parameters of amplified radiation

2. Pumping based on ytterbium disk amplifiers

For studying parametric amplification, two ytterbium disk
amplifiers were elaborated with different output parameters.
The first one is a regenerative Yb: YAG disk amplifier with a
nanojoule-level input signal. A laser head used in the ampli-
fier is described in [11], where the main characteristics of laser
oscillation are given and high efficiency is demonstrated.
Radiation of a sub-picosecond laser with a PRR of 60 MHz,
bandwidth of ~10 nm, and pulse duration of 200 ps is directed
to a regenerative amplifier, whose schematic is shown in Fig. 2.
A Faraday isolator provides optical isolation between input
and output radiation. A Pockels cell (PC) with water cooling
of a BBO electro-optical crystal (with an aperture of 4 mm)
and trigger time of 15 ns changes the Q-factor of the cavity
with a disk active element (AE), thus realising the regenera-
tive operation regime. A diameter of the pump beam on the
AE disk is 3.5 mm (according to [12], the optimal diameter of
the signal on AE is 0.75 that of the pump beam). The cavity of
the regenerative amplifier (Fig. 2b) was calculated issuing
from these parameters. The cavity round-trip length was 6 m,
which corresponds to ~20 ns and is longer than the PC trigger
time. Calculations of the fundamental mode take into account
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Figure 1. Flowchart of the laser system. Dotted lines refer to the units to
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be developed in the future.

the fact that the AE disk has a parabolic component in the
phase profile [13], which is equivalent to a thin positive lens
with a focal length of 9 m. However, the influence of the
induced thermal lens on the optimal cavity geometry was
neglected, because the optical power of such a lens is, as a
rule, ~1073 m~! [14]. The optical cavity with a disk AE was
tested in cw lasing mode; over the entire range of the pump
power, the beam quality parameter was M? < 2.

Results of experiments are presented in Fig. 3. In the regen-
erative amplification regime, the average radiation power was
13 W at a 3-kHz repetition rate of amplified pulses, which
corresponds to a pulse energy of 4.3 mJ. A transverse beam
distribution at the output is close to Gaussian, a weak astig-
matism is related to the phase profile astigmatism of the disk
AE. The long-term stability of the output power was 3% rms.
In first experiments, the signal of a fibre master laser stretched
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Figure 2. (a) Optical scheme of the regenerative disk amplifier (dashed lines refer to a stretcher—compressor unit planned to be installed) and (b)

dependence of a beam radius in the regenerative disk amplifier on the lon,
element and Pockels cell; the end mirrors of the cavity of the regenerative

gitudinal coordinate (black vertical lines show the positions of the active
amplifier are placed at points 0 and 3 m).
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to 200 ps with a spectral width of 10 nm passed to a regenera-
tive amplifier where it narrowed to approximately 1 nm in the
amplification process. This resulted in shortening its duration
to about 20 ps; at this duration, the breakdown threshold of
dielectric coatings is ~1 J cm™2. In view of the fact that the
beam diameter in the BBO crystal is 2.4 mm, a further increase
in the regenerative amplifier output energy may lead to a
breakdown of the electro-optical element.
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Figure 3. Dependence of the average radiation power at the output
from the regenerative amplifier on the average pump power. The inset
shows the transverse distribution of the output beam.

Note that a relatively low efficiency of the regenerative
amplifier is mainly related to high losses in the electro-optical
element (about 0.3% per each crystal face) due to poor qual-
ity of antireflection coatings. Now we work on developing a
Pockels cell with a BBO crystal possessing the reflecting coat-
ings improved to a loss level of 0.1%, which will increase the
differential efficiency to 20%. Note that the laser cavity of the
regenerative amplifier was tested in a single-mode oscillation
without an electro-optical element; the differential efficiency
was 26% at the output power of up to 70 W. To increase the
pulse energy, chirped Bragg gratings (Optigrate) at the ampli-
fier input and output will be installed with a dispersion of
190 pc nm~' and aperture 8 X 8 for stretching the radiation
pulses with a bandwidth of 1 nm to 190 ps and following com-
pressing those to 20 ps (see Fig. 2). This approach and a slightly
increased diameter of the fundamental mode of the regenera-
tive amplifier will raise the pulse energy to 20 mJ without a
breakdown of optical elements. In addition, since the pulses
amplified in the regenerative amplifier are synchronised with
pulses of a femtosecond system described below, by choosing
the amplifier pulse (from a series of pulses with a PRR of
60 MHz) it is possible to minimise the delay between the
pulses. According to [15], the expected jitter between the
pump pulse and femtosecond pulse is ~1 ps.

We plan to feed part of the regenerative amplifier signal to
a second Yb:YAG disk amplifier for increasing the pulse
energy. An optical scheme of the multipass amplifier is shown
in Fig. 4. The amplified beam of diameter 3 mm passes through
a Faraday isolator (/) to a disk AE (2) of thickness 2.5 mm
with a doping level of 3 at.%. Then the radiation reflects suc-
cessively from several 45° mirrors (3) and four times reflects
from the AE. For additional four reflections, the radiation is
directed to a telescope (4) and reflects backward from the sec-
ond mirror of the telescope. A /4 plate provides polarisation

decoupling by extracting radiation reflected from the polariser of
the Faraday isolator. Radiation of the diode pumping with a
maximal power of 1.1 kW and adjusted pulse duration (of
about 1 ms) passes twice across the disk AE. The pump pulse
repetition rate may vary up to several hundred Hz.

Figure 4. Optical scheme of a multipass disk amplifier: (/) Faraday

isolator; (2) disk active element; (3) 45° mirrors of the multipass sys-
tem; (4) telescope.

To minimise thermal effects, first experiments with the
multipass disk amplifier were performed at a pump pulse
duration of 1.12 ms and PRR of 10 Hz. In future, the PRR
will be increased to about 100 Hz. The disk mupltipass ampli-
fier has been tested with an input signal of energy 1.5 mJ
stretched to 300 ps. Results of the experiment are presented in
Fig. 5. The pulse energy of 70 mJ and gain of above 40 were
obtained. A near field transverse beam distribution is close to
Gaussian. A further increase in the pump power leads to the
breakdown of optical elements in the amplifier, which, prob-
ably is related to distortions of the pulse time profile in the
saturation regime (pulse rolling) [16].
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Figure 5. Dependence of the output energy on the pump pulse energy
of the multipass amplifier. The inset shows the transverse beam distri-

bution at the amplifier output.

An expected increase in the pulse energy to 200 mJ at the
output of the muplipass amplifier will be reached by increas-
ing the input pulse energy from 1.5 to 5 mJ and pump pulse
energy to 1.5 J. In particular, this will increase the aperture of
an amplified beam from 3.5 to 5 mm and substantially increase
the breakdown threshold. Additionally, to suppress the pulse
rolling effect, a preliminary time profiling of the laser pulse
will be employed (similarly to [17]). For operation at a PRR
of 100 Hz, the AE thickness will be reduced to 1 mm and the
doping level will be higher.
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3. Generation and amplification
of a femtosecond signal

The main signal of the sub-picosecond ytterbium laser passes
to the channel of femtosecond pulse generation and amplifi-
cation. First results of this investigation are presented in [18].
An improved scheme of IR femtosecond pulse generation is
given in Fig. 6. A signal with the pulse energy of above 0.3 mJ,
duration of 250 fs, and PRR tunable up to 15 kHz is directed
toa BBO crystal ( /), where part of the signal energy (~100 wJ)
converts to the second harmonic. Then, a dichroic mirror (2)
separates signals with wavelengths 1030 and 515 nm, and a
dichroic mirror (3) additionally divides the signal of the sec-
ond harmonic in the ratio 1:3. The smaller part is focused to
a YAG crystal (4) for generating supercontinuum in the
range of 400—800 nm. The long-wavelength part of the radia-
tion is collimated by a spherical mirror (J5), selected by the
dichroic mirror (6), and passes to a nonlinear crystal BBO
(7) of thickness 1.5 mm. The greater part of the second har-
monic signal is directed through a delay line (8) to the BBO
crystal (7) for collinear parametric amplification of the long-
wavelength part of supercontinuum in the range of
650-720 nm. Here, a difference frequency radiation is gener-
ated in the wavelength range of 1800—2500 nm. According to
[19], this radiation has a stable phase between the electromag-
netic field and envelope, which is an important advantage in
attosecond physics. Then the difference-frequency signal is
selected by a dichroic mirror (9) and filter (/0) and passes to
a stage of a non-collinear parametric amplification on a BBO
crystal (/1) of thickness 2 mm. Due to a delay line (12), the
radiation of the fundamental wavelength 1030 nm remained
after second harmonic generation passes to the crystal simul-
taneously. The angle of non-collinear interaction in air is
approximately 2°. A diameter of the parametric pump beam is
2 mm at a maximum energy of up to 200 uJ. The pump and
signal radiation pass twice through a nonlinear element (/7)
with the same matching angle (6 ~ 21.4°), which substantially
increases the conversion efficiency. To extract the radiation,
the signal and pump pulses are reflected at a small angle in the
vertical plane (orthogonal to the plane of Fig. 6). The match-
ing angle mentioned above provides wideband amplification
in BBO in the range of 1800—-2500 nm [20].

Measurement results are presented in Figs 7 and 8. All the
measurements were taken at the 3-kHz PRR of the regenera-

Input
1030 nm  / .

Y
Output
1800—2400 nm

Output
~700 nm

Figure 6. Optical scheme for femtosecond pulse generation and para-
metrical amplification (black lines show radiation with a wavelength of
1030 nm, grey lines refer to radiation in the visible and near-IR ranges,
dashed lines refer to radiation in the range of 2 um):

(1, 7,11)BBO crystals; (2, 3, 6, 9) dichroic mirrors; (4) YAG crystal;
(5) spherical mirrors; (8, 12) delay lines; (/0) filter IKS.

tive ytterbium amplifier. At the pump pulse energy of 205 nJ
the energy of the amplified pulse with a centre wavelength of
2250 nm was 26 pJ at the conversion efficiency of above 12%
(Fig. 7). The long-term stability of the average power of
amplified radiation was 2% rms. The spectral width of ampli-
fied radiation was more than 200 nm with a centre wavelength
varied from 1950 to 2250 nm, which corresponds to the trans-
form limited duration of less than 40 fs. The tuning was
realised by varying the matching angle of BBO (7). Note that
in this scheme, the bandwidth of the amplified signal was lim-
ited by the matching bandwidth of collinear interaction while
generating the difference frequency in the BBO crystal (7). A
reduction of its thickness from 1.5 mm to 0.5 mm with a small
reduction of a diameter of the second-harmonic pump beam
will approximately thrice increase the bandwidth of the differ-
ence signal spectrum and provide its wideband amplification
in the range of 1900—2400 nm.
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Figure 7. Dependence of the energy of amplified femtosecond pulses
with a centre wavelength of 2250 nm on the pump pulse energy.
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Figure 8. Spectral distribution of the intensity of amplified femtosec-
ond pulses at the BBO crystal (7) matching angles 6 = 21.4° and 22.5°,

Unfortunately, the range of wavelengths longer than 2 um
is difficult for studying transverse and temporal distributions
of the pulse. In the scheme from [18] akin to that described
above, the compression of a femtosecond pulse with a centre
wavelength of 1.4 um to a duration of 30 fs was investigated.
In the present work, the compression of amplified femtosec-
ond pulses to a transform limited duration has also been stud-
ied. The measurements were performed with a commercial
device based on the SHG-FROG approach [21]. A spectral
sensitivity of this device was limited by a wavelength of
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2100 nm due to a sharp fall in the spectral sensitivity of the
employed CCD array at A > 1050 nm. Thus, femtosecond
radiation pulses were studied in a shorter-wavelength range at
6 = 22.5° (see Fig. 8), in which case the radiation band is nar-
rower. According to the measurement taken, the employment
of a 4-mm-thick ZnSe plate (which has the group velocity dis-
persion of approximately 300 fs> mm™') provided compres-
sion of radiation pulses from 100 to 50 fs at the pulse trans-
form limited duration of 40 fs (Fig. 9). The error of the FROG
algorithm was 2.1%. One may expect that a radiation pulse
with the spectrum corresponding to the angle 6 = 21.4° can be
compressed to a duration shorter than 40 fs.

Further amplification of a femtosecond signal at the wave-
length of ~2 um to the millijjoule energy range requires the
employment of the chirped pulse amplification method [22],
which allows one to minimise various nonlinear effects arising
in pulse propagation both in air and in gain media. In the
framework of the present work, two experimental realisations
of femtosecond pulse stretching and compression are consid-
ered for a next-stage parametric amplification under the pump-
ing by 30-ps pulses of a regenerative amplifier.

1. The employment of a classical stretcher and compressor
with a 10—15 ps chirp and non-collinear OPCPA scheme
based on a BBO crystal. This problem can be solved by using
a Martinez [23, 24] or Offner [25] stretcher based on commer-
cially available diffraction gratings (DGs) (Thorlabs) of size
50 X 50 mm ruled with 600 lines mm™!. By using a spherical
mirror with a focal length of 200 mm combined with a plane
mirror one can build a compact single-grating stretcher with a
characteristic size of 250 X 100 mm and varied duration of
output radiation in a required range of 10—20 ps. Unfortunately,
a small dispersion prevents the employment of a classical
Treacy compressor scheme [26], in which, according to calcula-
tions, a distance between the DGs is 1-2 cm. A grating com-
pressor based on a similar DG can be assembled similarly to
the stretcher, with the DG shifted to opposite direction along
the optical axis of the system. An advantage of such a pair is a
possibility to exactly match the dispersions of the stretcher and
compressor and to adjust the compressor dispersion for com-
pensating the phase incursion in the amplifier. At a femtosec-
ond pulse energy of up to 1 mJ, one can avoid the breakdown

by using a magnifying telescope. Drawbacks are poor optical
damage threshold of the grating and high compressor losses
(~35%), which is important for further system scaling with a
more high-power pump source. As an alternative, the compres-
sion due to the employment of dispersion in various glasses can
be used. This will help avoid the drawbacks mentioned above
and, however, will require matching higher-order dispersions
between the stretcher and compressor.

2. An alternative to the first variant is the method of high
gain frequency domain optical parametric amplification
(FOPA) [27]. Comparison of this approach with classical
parametric amplification of chirped pulses is thoroughly
described in [28]. The main advantages of the new method are
a combined stretcher—compressor system with perfect disper-
sion matching in a single scheme with an amplifier, and
absence of requirement on pulse time profiling for homoge-
neous amplification over the entire spectral range. In our
case, in experiments, it is more convenient to employ the
modification of this scheme with cylindrical mirrors rather
than spherical [5]; the DG ruled with 600 lines mm~"' men-
tioned above is the most appropriate for pulse stretching to
the duration of ~15 ps inside the amplifier. However, due to
a greater divergence angle of the radiation reflected from the
DG, a number of difficulties arise in designing an optical
scheme for the amplifier. In addition, parametrical amplifica-
tion requires a BBO crystal with a rather large aperture
(~10 x 25 mm). Up to now, several variants are calculated for
performing preliminary experiments; the final decision will be
formulated issuing from the results obtained.

Taking into account the results of realised variants of
chirped femtosecond pulse amplification described above, the
next stage of the parametrical amplifier will be developed
under pumping by the radiation pulses with an energy of up
to 200 mJ from the output of a multichannel disk amplifier. If
necessary, the radiation after the multipass amplifier can also
be compressed to a duration of several tens of picoseconds.
As a result, at the conversion efficiency of above 10%, the
energy of femtosecond pulses may increase to 30 mJ, and
after compression to a transform limited duration the peak
power may reach 1 TW, which is close to the record values in
the IR range for today.
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Figure 9. (a) Time dependence of the pulse intensity and phase, recovered by the FROG method and (b) spectral and temporal distributions of the
intensity in pulse duration measurements (top) before and (bottom) after compression with the employment of a ZnSe plate.
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4. Conclusions

The work presents first results of developing a laser system
with a centre wavelength in the range of 2 um based on mod-
ern approaches to generation and amplification of femtosec-
ond pulses and production of picosecond ytterbium lasers. A
femtosecond radiation channel provides a pulse energy of
above 20 uJ at a wavelength in the range of 1.9-2.4 um. Such
a spectral width of the gain corresponds to the transform lim-
ited duration of less than 2 fs. Here, passive phase stabilisa-
tion is realised between the electromagnetic field and its enve-
lope (CEP stabilisation). The pump channel based on a regen-
erative disk amplifier was synchronised with the femtosecond
radiation and provided an output energy of up to S mJ at a
pulse duration of ~20 ps and pulse repetition rate of 3 kHz.
For pumping the next stage, a multipass disk amplifier is devel-
oped; the first experimental study of the latter demonstrated
an output pulse energy of 70 mJ. In addition, a principal design
of the next parametric amplification stage is developed.

The laser system with an energy level of 20 puJ and centre
wavelength in the range of 2 um can be employed in scientific
research in ultrafast laser spectroscopy and certain investiga-
tions in attosecond physics. As a next step, the signal energy
will be increased to a millijoule level by using 20-mJ pump
pulses of a regenerative amplifier optically matched with the
femtosecond system elaborated. In addition, approaches to
obtaining amplified pulses with a terawatt peak power will be
developed by using a multipass disk amplifier as a source of
pump pulses.
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