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Abstract
Recent results in the development of diode-driven high energy, high repetition rate, picosecond lasers, including the
demonstration of a cryogenic Yb:YAG active mirror amplifier that produces 1.5 J pulses at 500 Hz repetition rate
(0.75 kW average power) are reviewed. These pulses are compressed resulting in the generation of ∼5 ps duration,
1 J pulses with 0.5 kW average power. A full characterization of this high power cryogenic amplifier, including at-
wavelength interferometry of the active region under >1 kW average power pump conditions, is presented. An initial
demonstration of operation at 1 kW average power (1 J, 1 kHz) is reported.
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1. Introduction

The continued advancement of compact, short pulse lasers
with high average power is crucial for the development of
important applications. These include driving the next gen-
eration of ultra-intense few-cycle and single-cycle sources
at wavelengths ranging from the visible to the far infrared
through optical parametric chirped pulse amplification
(OPCPA)[1] and related schemes such as frequency-domain
optical parametric amplification (FOPA)[2]. These lasers
are also in demand for pumping tabletop secondary sources
of radiation at more extreme wavelengths, such as drivers
for coherent and incoherent sources of extreme ultraviolet
(EUV), soft X-ray and hard X-rays[3–8], and, at the opposite
end of the spectrum, terahertz sources exploiting techniques
like optical rectification[9, 10]. These compact coherent, short
wavelength sources can be realized through high harmonic
generation[5, 6] and plasma-based soft X-ray lasers[7, 8]. In
turn, the development of high power incoherent, plasma-
based sources of EUV radiation is key to the advancement
of lithography for the fabrication of the next generations
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of computer processors and memory[3]. Furthermore,
high flux beams of high energy picosecond pulses are of
interest for the production of gamma rays through inverse
Compton scattering with accelerated electron beams[11, 12].
In addition, these lasers are of interest for the generation
of high energy femtosecond laser pulses at very high
repetition rates (multi-kilowatt-average powers) to enable
the implementation of compact, practical particle acceler-
ators based on laser wakefield acceleration[13, 14], greatly
increasing access to giga electron-volt beams for basic
research and therapeutic radiation treatments. These and
other applications are motivating the development of high
average power, short pulse lasers by groups at institutions
worldwide.

Figure 1 summarizes the current state of the art of high
energy, high average power, diode-pumped short pulse
lasers[15–38]. Considerable progress has been made in the
development of picosecond and femtosecond lasers with
pulse energies of tens of millijoules to a few hundred mil-
lijoules at average powers approaching or exceeding 1 kW.
These lasers have been enabled using various techniques.
The thin disk geometry[39] was particularly successful, and
was recently employed to generate >200 mJ pulses at 5 kHz
repetition rate and >100 mJ at 10 kHz repetition rate[25].
Other schemes include the innoslab geometry[40], which is
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Figure 1. Summary of diode-pumped, high energy/high average power,
short pulse lasers. Demonstrated, diode-pumped, λ ≈ 1 µm lasers
producing >10 mJ pulse energy at >10 Hz repetition rate that are
compressible to sub-10 ps duration are included. The energy scale is
before compression, and the reference number of each laser is shown next
to each.

recently demonstrated to produce >50 mJ pulses at 10 kHz
repetition rate[34], coherent beam combining of ultrafast
fiber lasers[18, 41] and cryogenic cooling[15, 21, 33, 42]. These
techniques have all been successful at generating moderate
pulse energies with kilowatt-level average powers and are
actively under development. Most of these lasers employ
diode-pumped Yb:YAG as the active material due to
its excellent average power-handling characteristics and
broad availability. Lasers based on other materials which
support a broader bandwidth, including Yb:YLF[15, 26, 27],
Yb:CaF2

[43] and others are under development. Figure 1
also summarizes the progress in the development of kilowatt
average short pulse lasers with pulse energies of >1 J
that are in demand for tabletop X-ray and gamma ray
sources and, with further scaling, will allow the devel-
opment of practical compact giga electron-volt particle
accelerators.

In this paper, we describe a chirped pulse amplification
(CPA) laser that produces 1 J pulses of picosecond duration
at 0.5 kHz repetition rate with good long-term stability.
We discuss new results of the characterization of this laser,
including at-wavelength interferometry of the active region
under thermal load, and we report initial results of operation
of a 1 J amplifier operating at 1 kHz repetition rate, corre-
sponding to 1 kW average power.

Our approach to generating high energy, picosecond du-
ration pulses at high repetition rates relies on cryogenically
cooled Yb:YAG active mirrors[44]. Cryogenic cooling of
Yb:YAG offers several advantages over room temperature
operation. First, the thermal conductivity of undoped YAG is
nearly an order of magnitude higher at liquid nitrogen boiling
temperature than at room temperature[45]. This enhancement

is reduced when YAG is doped with a few percent Yb,
but still offers a significant improvement of 3–5 times for
moderate doping levels[46]. In addition, at this temperature,
the thermal expansion coefficient and thermo-optic coeffi-
cient improve by factors of 4 and 7, respectively[46]. These
enhancements are important as they largely determine the
thermal refractive response of the material, which is often the
effect that limits the achievable average power. In addition,
the emission spectrum of Yb:YAG is narrower at 77 K,
leading to an increase of the stimulated emission cross-
section and the corresponding decrease of the saturation
fluence[47]. This allows efficient energy extraction in a low
number of passes at fluences which do not cause damage
and do not lead to high nonlinear phase accumulation for
the stretched pulse durations typically used in CPA sys-
tems. Furthermore, at cryogenic temperature, Yb-doped
media function as four-level laser systems, as opposed to
the quasi-three-level nature present at room temperature.
This allows more efficient operation for high energy pulsed
amplifiers.

The active mirror, thick disk geometry employed in our
amplifiers develops mostly longitudinal thermal gradients
which do not contribute to thermal lensing as strongly as the
predominately radial gradients encountered in cylindrically
cooled gain geometries. Its still comparatively small thick-
ness, which minimizes the distance between heat generation
and the cooling surface, limits the maximum temperature dif-
ference within the gain region while its moderate diameter to
length ratio has the advantage of limiting the transverse gain,
which diminishes amplified spontaneous emission (ASE)
depletion of the amplifier storage energy[44]. The improved
thermal parameters at cryogenic temperatures compensates
the larger thickness of this geometry compared to thin disk
lasers (a few millimeter vs. a few hundred microns), with
the additional advantage of increased pump absorption with
reducing the complexity of the pump optics. Using this
scheme, we have developed high energy CPA lasers that
were used for a number of applications including the first
demonstration of a diode-pumped, plasma-based soft X-ray
laser[35], >100 µW average power tabletop lasers at λ =
18.9[48, 49] and 13.9 nm[50], Laser-induced damage threshold
(LIDT) measurements of multilayer coatings[51], driving a
100 Hz repetition rate, millijoule energy OPCPA at λ =
1.6 µm[52] and the characterization of the emission from a
λ = 6.x nm laser produced plasma source for beyond EUV
(BEUV) lithography[53].

2. Laser description and results

2.1. Laser frontend

A block diagram showing the layout of the 500 Hz repetition
rate, 1 J, picosecond laser system is shown in Figure 2(a).
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Figure 2. (a) Laser system diagram. The output of a diode-pumped, mode-locked bulk Yb:KYW oscillator is stretched by a grating stretcher and amplified
to the millijoule level by a Yb:YAG regenerative amplifier. These seed pulses are subsequently amplified by a chain of two high power cryogenic amplifiers,
and are compressed in vacuum by a dielectric grating pair. (b) Panoramic photograph of the high energy, high average power laser.

A semiconductor saturable absorber mirror (SESAM) mode-
locked Yb:KYW oscillator produces∼20 nJ,∼300 fs pulses
at 55 MHz repetition rate. These pulses are stretched by
a folded, grating pulse stretcher to a duration of 270 ps
FWHM after gain narrowing in the power amplifiers. The
stretched pulses are amplified to ∼1 mJ by a Yb:YAG
active mirror regenerative amplifier. For the 500 Hz results
summarized below, a Yb:YAG disk is soldered to a heat sink
that is water-cooled at room temperature. For the 1 kHz
operation we report here, the disk assembly was cooled by
liquid nitrogen to 77 K. The millijoule-level pulses produced
by the regenerative amplifier are temporally “cleaned” by
a crossed calcite polarizer pair and Pockels cell before
injection into the high power amplifier chain, which consists
of the 100 mJ-level amplifier and a joule-level amplifier
described below.

2.2. 100-mJ-level amplifier

The layout of the 100-mJ-level amplifier is shown in Fig-
ure 3(a). A 5 mm thick, 2 at. % Yb:YAG active mirror
is mounted on a cryogenic cooling manifold enclosed in a
vacuum chamber. The highly reflective face of the active
mirror is cooled by direct contact with flowing cryogenic
liquid cooled to 77 K[37]. The Yb:YAG active mirror is
pumped by λ = 940 nm, 450 µs duration pulses produced
by two, 400 W peak power fiber-coupled laser diode mod-
ules. A pump spot diameter of ∼4 mm was used, and

the pump radiation was absorbed in a single pass. We
define a single pass as transmitting through the active region,
reflecting from the back face, and passing back through
active region before exiting the active mirror. The seed
pulses from the laser frontend make four passes through
the amplifier. Figure 3(b) shows the measured pulse energy
exiting the amplifier as a function of total pump energy at
500 Hz repetition rate. As can be seen from this plot, an
amplified pulse energy of 100 mJ (50 W average power)
is obtained at the maximum pump energy. These pulses
have a bandwidth of 0.43 nm FWHM [Figure 3(c)] and are
compressed to sub-4 ps FWHM duration as can be seen
by the second harmonic generation (SHG) autocorrelation
of Figure 3(d). We have also operated this amplifier with
a few modifications at higher repetition rates. For 1 kHz
repetition rate amplification, the active mirror was replaced
with a 2 mm thick, 3 at. % Yb:YAG active mirror, and an
additional pass was added bringing the total pass number to
5. Figure 4(a) shows the amplified pulse energy at the output
of this amplifier at 1 kHz repetition rate. Figure 4(b) shows
an average energy of 67 mJ was measured with shot-to-shot
energy fluctuations of 0.6% RMS over a continuous 30 min
of operation (1.8 million shots).

2.3. High repetition rate, 1 J amplifier

The Joule-level amplifier is shown in Figure 5. Two Yb:YAG
active mirrors are mounted on a single cryogenic cooling
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Figure 3. (a) Layout of the 500 Hz repetition rate, 100-mJ-level, cryogenic
amplifier. (b) Measured pulse energy as a function of total pump energy
at 500 Hz repetition rate. (c) Spectrum of the amplified pulses showing a
bandwidth of 0.43 nm FWHM. (d) SHG autocorrelation of the compressed,
100 mJ pulses at 500 Hz repetition rate. The sech2 fit shown corresponds to
a pulse duration of 3.9 ps FWHM.

Figure 4. (a) Measured pulse energy exiting the 100-mJ-level cryogenic
amplifier at 1 kHz repetition rate. (b) 30 min continuous operation at 1 kHz.
A mean energy of 67 mJ with RMS fluctuation of 0.6% was measured over
this 1.8 million consecutive shots.

head. The active mirrors are composites, consisting of a
30 mm × 30 mm × 2 mm thick 3 at. % Yb:YAG section
optically bonded on the four lateral faces to an absorb-
ing Cr4+:YAG cladding to reduce feedback of transversely
emitted ASE and avoid parasitic oscillations. The entire
front face of the assembly is bonded to an undoped YAG
cap to further reduce ASE and add mechanical stability
to the assembly. As can be seen from Figure 5(a), each
active mirror is pumped by pulses of 500 µs duration from
a λ = 940 nm 60 bar laser diode stack. The pump beam
diameter is ∼16 mm, and the pump light is double-passed
to achieve >95% absorption. Seed pulses are injected into
the amplifier though a thin film polarizer (TFP) and are
directed to pass through each active mirror twice. After
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Figure 5. (a) Layout of the high repetition rate, 1.5 J amplifier. (b) Photo of
the enclosed amplifier, which occupies a table space of just over 1 m×0.5 m.
λ/4: quarter waveplate, P: periscope, 6 kW: 60 bar laser diode stacks.

double-passing a quarter waveplate the seed pulses pass
back through the amplifier along the reverse path, achiev-
ing a total of four passes through each active mirror be-
fore being ejected from the amplifier by reflecting off the
TFP. The amplifier occupies just over 0.5 m2 of optical
table area.

3. High repetition rate, 1.5 J performance

The performance characteristics of this amplifier operating
at 500 Hz repetition rate are shown in Figure 6. The laser
output pulse energy as a function of total pump energy
incident on the active mirrors is displayed in the plot of
Figure 6(a). An output energy of 1.5 J (750 W average
power) is obtained with an optical-to-optical efficiency of
37% at the maximum pump power. Figure 6(b) shows
the measured output pulse energy stability over 30 min of
continuous operation at 500 Hz repetition rate. A mean
pulse energy of 1.4 J was obtained with an RMS deviation of
0.75%. Figure 6(c), shows the results of the measurement of
the M2 parameter under these same operating conditions. M2

values of about 1.3 are obtained on both axes. The second
moment method was employed to make these measurements.
The high beam quality can also be observed in the far-field

Figure 6. (a) Measured laser pulse energy exiting the main amplifier
at 500 Hz repetition rate as a function of combined pump energy. (b)
Amplified pulse energy over 30 min of continuous operation at 500 Hz
repetition rate. A mean energy of 1.4 J was measured with an RMS
fluctuation of 0.75%. (c) M2 measurement in two orthogonal directions of
the amplified output producing 1.4 J at 500 Hz repetition rate. (d) Far-field
beam image of the full power output.

image of Figure 6(d) along with its horizontal and vertical
cuts. The output from this amplifier was collimated, and
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Figure 7. (a) Schematic of the Mach–Zehnder interferometer used to
make the thermal wavefront measurements. Millijoule-level, λ = 1.03 m
pulses produced by a Yb:YAG regenerative amplifier are magnified and
beamsplit with equal magnitude. The probe arm is made to make a
single pass through the Yb:YAG amplifier disk under test (where one
pass is defined at transmitting through the active region of the active
mirror, reflecting off the highly reflective (HR) face and transmitting
again through the active region). The reference beam is sent through
a delay line of length equal to the probe arm before the two beams
are recombined by a second beamsplitter. An f = 680 mm convex
lens is used to image the plane of the amplifier onto a CMOS camera.
The camera used in the interferometer is mounted on a translation stage
that allows for precise determination of the location of the focus of the
convex lens.

the beam was expanded to 40 mm before injection into
the pulse compressor. The pulses were compressed with
about 70% efficiency by a pair of 200 mm × 150 mm,
1740 mm−1 dielectric diffraction gratings in vacuum. The
resulting pulses had an energy of 1 J and a duration of
∼5 ps at 500 Hz repetition rate, corresponding to a peak
power of 0.2 TW and an average power of 0.5 kW. This laser
was employed to make a first demonstration of a >100 Hz
repetition rate, compact, plasma-based sub-20 nm soft
X-ray laser[37].

4. Interferometry of high energy active mirror amplifier

To further characterize these amplifiers at the pumping con-
ditions corresponding to kilowatt average power operation
and for evaluating their potential for future power scaling,
we have made at-wavelength interferometric measurements
of the gain medium deformation under full thermal load.
Figure 7 shows the layout of the Mach–Zehnder interfer-
ometer that was constructed for these measurements. The
λ = 1030 nm output of the regenerative amplifier was used
to record the interferograms. The results are shown in Fig-
ure 8. Figures 8(a)–8(d) show the interferograms obtained
for average pump powers of 0.63, 0.70, 1.04, and 1.53 kW,
respectively. The 1.04 kW interferogram [Figure 8(c)] corre-
sponds to the pump power used in the 1.5 J, 500 Hz repetition

rate demonstration described in the previous section. The
amplifier was pumped, but no laser energy was extracted
for these measurements. Operation of the amplifier with
energy extraction is expected to decrease the overall thermal
load. One feature to notice in this measurement is that the
thermally induced wavefront partially compensates the static
deformation present in the interferometer. Figures 8(e)–8(h)
and 8(i)–8(l) show the wavefront profiles determined from
these interferograms for different thermal load conditions.
For these wavefront maps, the reference wavefront obtained
with zero pump power is subtracted leaving only the thermal
contribution. From these maps, we see that the thermal
degradation of the wavefront for 0.63 kW average pump
power is insignificant. The deformation increases to just
over one wavelength at 1.53 kW, the highest pump power
measured.

The thermal lens power obtained from these wavefronts
is plotted in Figure 9. These powers were obtained by
fitting an ellipsoid to the wavefronts, with the resulting
horizontal and vertical radii constituting the thermal lens
focal length. These interferometrically determined focal
lengths were verified by measuring the focal length shift
obtained by focusing a probe beam with a known positive
lens. These latter values are shown to be in reasonable
agreement with the data extracted from the interferograms,
as shown in Figure 9. As can be seen from this figure, the
thermal lens is positive, and increases approximately linearly
with pump power for the lower pump powers. A rollover in
optical power is observed at the highest pump powers, which
is beneficial. This rollover may be due to contributions to the
wavefront from heating of the anti-ASE absorbing cladding
surrounding the Yb:YAG active mirror, but this requires
further study. At the highest pump powers, focal lengths
of 30 and 41 m are obtained. The astigmatism observed
is partially a result of the angle of incidence of the probe
beam on the amplifier disk of about ∼10◦. This level of
thermal lensing, while not negligible, is within the range that
can be effectively compensated by adjusting the collimation
of telescopes before and after the amplifier. It is con-
cluded that at thermally induced wavefront deformation is
not an impediment for scaling to the kilowatt average power
level.

5. Initial demonstration of 1 J, 1 kHz repetition rate
operation

In progress toward scaling this amplifier to higher repetition
rates and average powers, we have made an initial demon-
stration of laser operation at 1 J and 1 kHz repetition rate
(1 kW average power). This first test at the kilowatt average
power level was conducted by seeding the high power
amplifier with the 67 mJ pulses from the 1 kHz amplifier
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Figure 8. Interferograms obtained for average pump power of (a) 0.63, (b) 0.70, (c) 1.04, and (d) 1.53 kW, respectively. (e–h) Calculated thermally deformed
wavefront maps from these interferograms. A reference wavefront measured with no pump power was subtracted in each case, resulting in only the thermal
contribution. All maps are plotted on the same scale. (i–l) 3D surface plots of the wavefronts.

described above, and pumping the amplifier with the same
pump pulses as before, but at an increased repetition rate of
1 kHz. The geometry of the joule-level, multi-pass amplifier
remained the same. The results of this demonstration are
shown in Figure 10. With a combined pump pulse energy
of 4 J, an amplified pulse energy of 1 J was produced. In
this initial demonstration, the amplifier was operated for
short periods of time. Improved thermal management of
the mechanical layout will be implemented to avoid mis-
alignment of the beam during long term operation at 1 kW
average power.

6. Summary

In summary, we have developed a CPA laser based on
cryogenically cooled Yb:YAG active mirror amplifiers that
produces 1 J, picosecond duration pulses at 500 Hz repetition
rate with a measured RMS pulse to pulse energy variation
of 0.75% over 30 min of operation. The amplifiers are
modular and scalable. Interferometric measurements of the
thermal lens show that this approach is suitable for the
generation of beams of joule-level energy ultrashort laser
pulses with kilowatt average power. We have made an
initial demonstration of operation at 1 kW average power
(1 J pulses at 1 kHz repetition rate).

https://doi.org/10.1017/hpl.2018.3 Published online by Cambridge University Press

https://doi.org/10.1017/hpl.2018.3


8 B. A. Reagan et al.

Figure 9. Thermal focusing power as a function of average pump power
calculated from the interferograms of Figure 8 (circles). Also shown are
the thermal lens strengths measured from the displacement of the focus
(squares). Straight lines connect successive points to guide the eye. At
the highest thermal load, positive focal lengths of 30 and 41 m are obtained
for the horizontal and vertical axes, respectively.

Figure 10. Measured amplified pulse energy at 1 kHz repetition rate as a
function of total pump energy. The pump pulse duration was 0.5 ms, and
the amplifier was seeded with about 65 mJ pulses (see Figure 4). At the
maximum pump energy, an amplified pulse energy of 1 J was obtained with
25% optical-to-optical efficiency.
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