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We demonstrate amplification of picosecond laser pulses to 40mJ at a 2 kHz pulse repetition frequency (PRF) from a
two-stage cryogenic chirped-pulse Yb:YAG amplifier, composed of a regenerative amplifier (RGA) and a two-pass
booster amplifier. The RGA produces 8:2mJ of energy at 2 kHz PRF and 13:2mJ at 1 kHz PRF with excellent energy
stability (~0.3% rms) and beam quality (M2 < 1:1). Pulse stretching and compression are achieved by using a chirped
fiber Bragg grating and a multilayer dielectric grating pair, respectively. Compressed 15ps pulses from the RGA are
obtainedwith a throughput efficiency of ~80% (~6.5mJ for 2 kHz). The booster amplifier further amplifies the pulses
to 40mJ at 2 kHz PRF, and ~32 mJ, ~15 ps pulses are expected after compression. The amplifier chain seeded from a
femtosecond Yb-fiber laser enables the optical self-synchronization between signal and pump in optical parametric
chirped-pulse amplifier applications. © 2010 Optical Society of America
OCIS codes: 140.3280, 140.3615, 320.7090.

Ultrabroadband high-power optical parametric chirped-
pulse amplification (OPCPA) [1] is considered one of
the most promising techniques for a driving source in at-
tosecond science because of several interesting capabil-
ities, such as few-cycle-pulse amplification without the
need for external nonlinear spectral broadening followed
by compression, wavelength selective coverage from the
visible tomid-IR, and direct amplification of passively car-
rier-envelope-phase stabilized mid-IR pulses generated
via difference-frequency generation. The ultrabroadband
few-cycleOPCPA technique benefits fromps pump lasers,
in comparisonwith ns lasers, because a low stretching fac-
tor results in good compressibility, and high-peak-power
pumping enables broadband phase matching in short
nonlinear media. However, the availability of suitable
ps pump sources with good beam quality is still the main
challenge for scaling ultrabroadband OPCPA systems.
The development of high-energy ps pump sources at
kHz pulse repetition frequency (PRF) is important for
energy and power scaling of existing mid-IR few-cycle
OPCPA systems for phase-matched high-harmonic gen-
eration with high photon energies [2,3]. Multi-mJ ps
Nd:YLF amplifier chains have been developed and used
for several OPCPA systems at 1 kHz PRF [4,5], but further
energy scaling at kHz PRF is difficult because of thermal
beam distortions [6] and optical damage issues. Among
several laser gainmedia for ultrashort pulse amplification,
the Yb:YAG crystal is very attractive for scaling both en-
ergy and average power due to its suitable emission band-
width for ps pulse amplification and good thermo-optical
properties. Themain drawback of the Yb:YAG crystal as a
gain medium is its high saturation fluence at room tem-
perature (∼9 J=cm2). This problem has been solved by
using thin-disk gain modules or cryogenically cooled bulk
crystals. Recently 25mJ, ps pulses at 3 kHz PRF were de-
monstrated directly from a thin-disk chirped-pulse ampli-

fication (CPA) Yb:YAG regenerative amplifier (RGA) [7]
for OPCPA pumping. Meanwhile, based on cryogenic
Yb:YAG laser technology [8], a 7:5mJ, ps RGA at 10Hz
[9] and a 287W, ps amplifier at 78MHz [10] were demon-
strated in terms of energy and average power scaling, re-
spectively. Most recently, multipass amplification to >1 J
of energy at 10Hz was reported for application to x-ray
laser pumping [11]. In this Letter, we demonstrate a multi-
ten-mJ, ps cryogenic Yb:YAG CPA laser system at kHz
PRF, for the first time to our knowledge. A multi-mJ, ps
RGA operating at 1–2 kHz PRF with excellent stability
and beam quality is developed, and further amplification
to 40mJ at 2 kHz is demonstrated in a two-pass amplifier.

The optical layout of the high-power CPA ps cryogenic
Yb:YAG laser system operating at 1–2 kHz PRF is illu-
strated in Fig. 1. The CPA chain consists of four subsys-
tems: (a) a ps fiber seed source with a chirped fiber
Bragg grating (CFBG) stretcher, (b) multi-mJ kHz cryo-
genic Yb:YAG RGA, (c) high-energy multipass cryogenic
Yb:YAG amplifier, and (d) pulse compressor based on a
multilayer dielectric (MLD) grating pair. The front-end
oscillator is a homebuilt fs Yb-fiber laser at 78MHz (Δλ ¼
∼40 nm at 1030 nm). The output pulses from the Yb-fiber
laser are stretched to ∼450 ps by a CFBG with a ∼1nm
bandwidth centered at ∼1029 nm. A homebuilt single-
mode Yb-fiber preamplifier in Fig. 1(a) compensates for
the power loss in the CFBG caused by bandwidth filtering
and coupling losses. An average power of 10mW (0:12 nJ)
is available for seeding the cryogenic Yb:YAG RGA. The
cw-diode-pumped RGA in Fig. 1(b) is designed for ampli-
fication to ∼10W at 1–2 kHz PRF. A 10mm long Yb:YAG
crystal with 2 at:% doping is pumped by a fiber-coupled
(core diameter (diam) of 0:4mm) laser diode (Laserline,
GmbH) at 940 nm and cooled with liquid nitrogen in an
evacuated Dewar. The pump beam size at the crystal is
1:2mm in diam. The RGA is switched by a β-BaB2O4
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Pockels cell with a quarter-wave voltage synchronized to
the mode-locked pulse train. The output from the RGA is
further amplified to tensofmJ inamultipassamplifier [10],
as shown in Fig. 1(c), which can be operated in either a
two- or four-pass configuration, as represented by paths
(2) and (3), respectively. This amplifier has two 23mm
long Yb:YAG crystals with 2 at:% doping, pumped from
both sides by two fiber-coupled (core diam of 0:6mm)
diode modules with an available total power of 700W.
The spot size at the crystal at the two-pass configuration
is in the range of 2:5–2:8mm to keep the amplified fluence
at <1 J=cm2 for 50mJ pulses. The damage threshold
of high-energy dielectric mirrors is typically in the range
of ∼10 J=cm2 for 10–20 ns pulses, corresponding to
∼1 J=cm2 for 100–200 ps pulses. The output fluence can
be further reduced to <0:6 J=cm2 with larger spot sizes
(3:3–3:5mm) for a four-pass scheme—not attemptedhere.
The accumulated B integral is estimated to be ∼2 rad at
50mJ with ∼220 ps pulse duration for both two- and
four-pass cases. Finally, the pulses are compressed by
anMLD grating pair , as illustrated in Fig. 1(d). These grat-
ings with 1752 lines=mm of groove density and >95% of
diffraction efficiency at 1030 nm over 10 nm of bandwidth
can handle an average flux of up to ∼1 kW=cm2 with
negligible wavefront distortions. A throughput efficiency
of ∼80% for this compressor was measured in the
experiment.
The amplification characteristics of the RGA and the

compressed pulse duration are shown in Figs. 2(a) and
2(b), respectively. For 2kHz operation, a maximum aver-
age power of 16:4W (8:2mJ) at 100Wof pump power was
obtained with a slope efficiency of 25%, while for 1 kHz
operation, a maximum output energy of 13:2mJ at 80W
of pump power was obtained with a slope efficiency of

22%. Because the fluorescence lifetime of the Yb:YAG
crystal is ∼0:85ms, the slope efficiency at 1kHz (1ms in-
terval) is slightlyworse than that at 2 kHz (0:5ms interval).
However, the total efficiency at 1 kHz for <80W pumping
is higher than that at 2 kHz because of a lower amplifica-
tion threshold that comes from less frequent cavity dump-
ing. At maximum pump power, the RGA is saturated after
10–14 round trips. The shot-to-shot energy stability was as
low as ∼0:3% rms for both PRFs. It was reported that the
thin-disk kHz RGA in [7] was operated in the regime of
“deterministic chaos” regarding PRF due to the low sin-
gle-pass gain in a thin-disk gainmediumand a correspond-
ingly large number of round trips (120–150). In our
cryogenic Yb:YAG RGA, no PRF instabilities were ob-
served under normal operating conditions with proper
dumping timing and cavity alignment. Grishin et al. [12]
showed that RGAs with a relatively low number of round
trips (<15) are fundamentallymore stable than thosewith
large numbers of round trips, which accounts for the lack
of PRF instabilities in our RGA. The gain narrowing of the
RGA reduced the spectral bandwidth to 0:24 nm centered
at 1029:2 nm. The pulse duration, taken from path (1) of
Fig. 1 and compressed with ∼60° of incidence angle to
the first MLD grating and ∼1:5m of grating separation,
was 15 ps, as shown in the autocorrelation trace of
Fig. 2(b), which is an ∼2× transform-limited pulse dura-
tion, 7:5ps. Because of calibration offsets, the spectral

Fig. 1. (Color online) Layout of a high-energy ps laser system
at kHz PRF: (a) fiber seed source composed of a Yb-fiber laser,
CFBG stretcher, and Yb-fiber preamplifier, (b) >5mJkHz cryo-
genic Yb:YAG RGA, (c) 40mJ multipass cryogenic Yb:YAG am-
plifier, and (d) high-energy high-average-power MLD grating
compressor. Path (1) represents the direct compression of
the RGA output, while paths (2) and (3) show two-pass and
four-pass amplification, respectively: PBS, polarization beam
splitter; λ=4, quarter-wave plate; λ=2, half-wave plate; FI/FR,
Faraday isolator/rotator; CFBG, chirped fiber Bragg grating;
TFP, thin-film polarizer; PC, Pockels cell; L1–L4, lenses; LD,
fiber-coupled laser diode; DM, dichroic mirror; G, MLD grating;
unspecified mirrors are high reflectors at given angles of
incidence.

Fig. 2. (Color online) Amplification of pulses at the kHz RGA
and pulse compression: (a) average powers versus pump power
at 1 kHz (squares) and 2 kHz (open circles). Slope efficiency is
extracted from linear fits and (b) autocorrelation trace of com-
pressed pulses from the RGA. The extracted FWHM pulse dura-
tion is 15 ps. Both edges are clipped due to a limited scanning
range.

Fig. 3. (Color online) Spatial beam profile of RGA output at
2 kHz, 12W output power: (a) near-field beam profile with
∼2:3mm in diam, where the diffraction rings on the main beam
come from the measurement setup and (b) far-field (focused)
beam profile after compressor. Measured M2 values are 1.08
and 1.06 in the horizontal and vertical directions, respectively.
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window of the CFBG was actually centered at 1028:5 nm,
whereas the amplified spectrum from the RGA was at
1029:2 nm, located at the edge of the spectral window
of the CFBG. The imperfect compression with the pedes-
tal seems to be attributedmainly to the group-velocity dis-
persion ripple at this spectral window edge. Thus, the
pulse compression can be improved by using a newCFBG
centered at 1029:2 nm or by heating the current CFBG for
spectral tuning to a longer wavelength. The near- and far-
field beam profiles from the RGA are shown in Figs. 3(a)
and 3(b), respectively. At 2 kHz PRF we obtained a clean
TEM00 fundamental modewith excellent focusing quality,
as indicated byM2 of 1.08 and 1.06 for horizontal and ver-
tical directions, respectively, measured usingZ-scan anal-
ysis. The near-diffraction-limited far-field pattern of
compressed beams shows that the MLD gratings induce
no wavefront distortions, as expected.
For further amplification in the multipass amplifier, we

changed to a CFBG with a 2× larger stretching ratio
(∼220 ps for 0:24 nmat theRGA). A longer stretching ratio
increases both the surface and bulk damage thresholds.
The spectral width of the RGA output pulses did not
change with the new CFBG. The spot size at the Yb:YAG
crystal in this amplifier is set to∼2:8mmdiamfor two-pass
amplification. Figure 4 shows that a maximum power of
80W (40mJ) at 2 kHz PRF is obtained at 9W seed power
from theRGAwith a slope efficiency of 30% and∼320Wof
pumppower.Theoutput power is limitedby thedamageof
the chamber windows at∼85W. The cw amplification re-
sults using 12 and 6Wcw seed powers [dotted and dashed
curves in Fig. 4] clearly indicate that the achievable output
power is limited only by the damage threshold of amplifier
optics. The compression of 40mJ pulses is expected to
generate ∼32mJ, ∼15 ps pulses. 1 kHz operation was

not attempted because the amplifier could be damaged
at lower average powers due to excessive pulse energies.

In summary, we demonstrated a ps multi-mJ RGA at
1–2kHz PRF with excellent beam profile and shot-to-shot
energy stability, and we further amplified the energy up
to 40mJ at 2 kHz PRF. This laser is a promising pump
source for multi-mJ few-cycle OPCPA systems at 2:2 μm
[5] and 800 nm via frequency doubling. Below-damage-
threshold operation of the amplifier with pulse energies
>50mJ seems to be feasible with four-pass operation and
a larger spot size. Modification of the multipass amplifier
toward a larger number of passes [11] and even larger
stretching will enable further scaling of energy.
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Fig. 4. (Color online) Average power versus pump power in
the two-pass amplifier. The slope efficiency is 30%. Optical da-
mage is observed for output powers at ∼85W. The dotted and
dashed curves show the output power for 12 and 6W cw seeds
for comparison.
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