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Abstract. More than 20 years after the first presentation of optical parametric chirped-pulse amplification
(OPCPA), the technology has matured as a powerful technique to produce high-intensity, few-cycle, and ultra-
short laser pulses. The output characteristics of these systems cover a wide range of center wavelengths, pulse
energies, and average powers. The current record performance of table-top, few-cycle OPCPA systems are 16
TW peak power and 22 W average power, which show that OPCPA is able to directly compete with Ti:sapphire
chirped-pulse amplification-based systems as source for intense optical pulses. Here, we review the concepts of
OPCPA and present the current state-of-the art performance level for several systems reported in the literature.
To date, the performance of these systems is most generally limited by the employed pump laser. Thus, we
present a comprehensive review on the recent progress in high-energy, high-average-power, picosecond
laser systems, which provide improved performance relative to OPCPA pump lasers employed to date. From
here, the impact of these novel pump lasers on table-top, few-cycle OPCPA is detailed and the prospects for
next-generation OPCPA systems are discussed. © The Authors. Published by SPIE under a Creative Commons Attribution 3.0
Unported License. Distribution or reproduction of this work in whole or in part requires full attribution of the original publication, including its DOI.
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1 Introduction

Ultrafast laser amplification was revolutionized in 1985
when chirped-pulse amplification (CPA) was introduced.’
In CPA, the low-energy sub-1-ps pulses from an ultrafast
oscillator are stretched in time to several hundred picosec-
onds or few nanoseconds. The energy of these pulses is
increased in consecutive amplifier stages to the millijoule-
(mJ) or even joule-level, while the peak power remains
below the threshold of optical damage and pulse distortion
in the amplifiers. After amplification, these pulses are recom-
pressed to almost the original pulse duration, allowing to
obtain ultrafast pulses with terawatt (TW) peak powers.”
Countless major and minor improvements on Ti:sapphire-
based CPA have been reported over the last three decades.
To date, table-top, high-peak-power systems exceeding
100 TW operate in laboratories around the world and
are commercially available. As a result, Ti:sapphire-based
CPA systems are currently the dominant driving lasers for
ultrafast, high-intensity experiments.

Further increases in performance have been challenging
due to two effects. First, the amplification bandwidth of
Ti:sapphire systems is limited to ~75 nm (FWHM) centered
at 800 nm, and gain narrowing associated with amplification
over several orders of magnitude further narrows the obtain-
able bandwidth. Thus, this effect must be compensated for in
order to obtain sub-35-fs pulse duration from TW-scale sys-
tems. Spectral filtering techniques can be employed to enable
compressed pulse durations as short as 15 to 30 fs depending
on the level of amplification.> On the other hand, nonlinear
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propagation methods can be utilized to convert a portion of
the output of these CPA systems to durations in the few-cycle
pulse regime. Such schemes, including spectral broadening
in hollow-core fibers*® and filamentation-based self-com-
pression,” have been employed to shorten the pulses to
quasi-single-cycle duration with up to several mJ-level pulse
energies resulting in peak powers at the 1 TW-level. The sec-
ond limiting effect in Ti:sapphire CPA systems prohibits
the output average power to be scaled beyond 30 to 40 W
with cryogenically cooled amplifier stages.'” Compensation
of thermal effects and beam distortions become increasingly
challenging at this performance level. High repetition rate
systems have been presented operating with high average
power, such as a system providing 26 W compressed with
duration of >50 fs.!!

Extending the concept of CPA, the method optical para-
metric chirped-pulse amplification (OPCPA) was first pre-
sented in 1992.'> Similar to CPA, an ultrashort pulse is
first stretched in time, amplified, and recompressed. In con-
trast to CPA, in which amplification is based on stimulated
emission, OPCPA transfers energy from a pump beam to
a seed beam in an optical parametric amplifier (OPA).
The amplification bandwidth can span almost one octave
supporting sub-10-fs pulse durations in the visible spectrum.
These pulses are referred to as optical few-cycle pulses since
their durations approach the duration of an optical cycle
(2.66 fs at 800 nm wavelength). In contrast to traditional
amplification via stimulated emission in pumped laser crys-
tals, no energy is directly stored during the amplification
process in the nonlinear material due to the instantaneous
nature of the OPA process, thereby mitigating typical thermal
effects and beam distortions, thereby facilitating power and
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energy scaling of the OPA systems. The pulses from table-
top OPCPA systems have been compressed to the few-cycle
regime, with the nominal current record durations of 5.0 fs
(1.7 cycles) at 0.88 um," 10.5 fs (1.5 cycles) at 2.1 ym,'*
67 fs (6.3 cycles) at 3.2 um," and 83 fs (6.4 cycles) at
3.9 um.'® As will be discussed later, table-top OPCPA sys-
tems are primarily limited in terms of pulse energy and
average power by the employed pump laser; however,
onset of parasitic effects have been reported and will be
discussed in Sec. 2.4. The records in terms of peak power
[16 TW (Ref. 17)] and average power [22 W (Ref. 13)]
indicate that the OPCPA method has matured to a perfor-
mance level comparable to Ti:sapphire-based CPA systems,
with the advantage of shorter pulse durations and wavelength
tunability from the visible to mid-IR range.

Here, we give a detailed review of the current performance
level and the prospects of table-top, few-cycle OPCPA
systems based upon recent developments in table-top,
high-energy, high-average-power picosecond laser systems.
References 18, 19, and 20 provide excellent overviews on
the traditional OPCPA architecture, while the OPA process
itself has been reviewed comprehensively in Ref. 21, and
essential parameters based on simulations for visible OPCPA
based upon beta barium borate (f-BaB204; commonly
referred to as BBO) crystals are presented in Ref. 22.
Since the focus in this article is on the recent developments
in table-top, few-cycle OPCPA, we intentionally disregard
large-scale, petawatt- (PW) level OPCPA laser systems. A
few example articles for further reading on PW-scale
OPCPA systems include a prospective view in Ref. 23
and a presentation of a full system providing 300 TW in
Ref. 24, while Refs. 25, 26, and 27 describe relevant PW-
level OPCPA designs.

2 Table-Top, Few-Cycle OPCPA Systems

Several relevant concepts and trends in OPCPA are reviewed
in the following sections, starting with an overview on the
early pioneering work toward the generation of few-cycle
pulses via OPA and OPCPA. The second section introduces
the advantages, challenges, and limitations of few-cycle
OPCPA, followed by a section highlighting the record per-
formance levels demonstrated to date. The section concludes
with a detailed discussion of the performance of representa-
tive OPCPA systems and their pump lasers.

2.1 Pioneering Few-Cycle Optical Parametric
Amplification

The OPCPA method was first presented in 1992 by Dubietis
et al. with a system incorporating a stretcher, an OPA stage,
and a compressor, resulting in energetic 70-fs pulses.'* This
development was followed rapidly with ground-breaking
investigations toward the generation of intense few-cycle
pulses. The pioneering work of Gale et al. in 1995 resulted
in the presentation of the shortest pulse duration from a laser
oscillator at this time with 13 fs and nanojoule-level pulse
energy.”® The authors also demonstrated the tunability of
the sub-20-fs pulses from the megahertz optical parametric
oscillator over a range from 590 to 666 nm center wave-
length (see also Ref. 29). Hereafter, several groups investi-
gated few-cycle OPA systems based upon BBO pumped by
Ti:sapphire CPA systems enabling the generation of intense
sub-10-fs pulses with wide tunability. In 1998, Nisoli et al.
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employed two OPA stages in collinear configuration to
generate 10-pJ-level pulses with 14.5 fs in the near-IR
(center wavelength of 1.5 ym),** and Cerullo et al. used a
noncollinear configuration to generate visible sub-8-fs pulses
with 2 uJ energy and bandwidth ranging from 510 to
800 nm.*" In the same period, Wilhelm et al.** in 1997
and Riedle et al.>* in 2000 reported 10-uJ-level, sub-20-fs
pulses tunable from 470 to 750 nm and 870 to 1500 nm,
respectively. Shirakawa et al. reported in 1998 on a compact
noncollinear optical parametric amplification (NOPA)
system amplifying pulses with 5 uJ pulse energy and 6.2 fs
duration at 630 nm or 8.4 fs at 1.1 um, respectively,** and
Kobayashi and Shirakawa presented in 2000 sub-5-fs
pulses.®” Further improvements on the latter system by
Baltuska et al. in 2002 including an ultrashort, white-light,
seed pulse and an adaptive pulse compressor enabled the
generation of sub-4-fs pulses with 0.5 uJ pulse energy.*
Since most of these pioneering few-cycle OPA implemen-
tations were driven by Ti:sapphire-based CPA systems
with mJ-level pulse energy and kilohertz repetition rate, the
generated few-cycle pulses were limited to the 100 uJ and
0.1 W average power-level. However, the impressive results
in the late 1990s demonstrated the potential of energetic
few-cycle pulses from OPA (Ref. 21) and lead to the devel-
opment of few-cycle OPCPA systems driven by a variety of
laser technologies, as shown in Sec. 2.6.

2.2 Optical Parametric Chirped-Pulse Amplification

NOPA is capable of supporting the amplification of an
almost-octave spanning bandwidth. Several parameters are
critical in this process: nonlinear medium, phase-matching
conditions, input angle, wavelengths, crystal thickness, and
pump intensity. A schematic of the geometry is shown in
Fig. 1(a) and a photograph of a laboratory implementation
is shown in Fig. 1(b).

The most-commonly used OPCPA architecture for few-
cycle pulses in the visible is based on BBO as nonlinear
material. This approach has been used to generate the current
record performances in terms of peak power and average
power. Here, the pump wavelength ranges typically from
343 to 532 nm, depending on the pump lasers. The typical
amplification bandwidth ranges from <725 to >1050 nm
when pumped at 532 nm wavelength and 3 to 5 mm crystal
lengths are employed.’’” This bandwidth supports a trans-
form-limited duration of <8 fs or less than three optical
cycles.*® Additionally, octave-spanning bandwidth to sup-
port quasi-single-cycle pulses can be obtained by pumping
consecutive OPA stages with different wavelengths. This is
most easily done with different harmonics of the fundamen-
tal pump laser, i.e., 532 and 355 nm for Nd:YAG-based
pumps or 515 and 343 nm for Yb-based pumps. This con-
cept was introduced in 2010 with mJ-level pulses® and
experimentally verified in a different setup in 2012 with
microjoule-level pulse energies and compressed to 4.6-fs
duration.*’

The key parameters determining the parametric gain are
the used pump intensity and the length of the crystal.
Figure 2(a) shows example calculations for the parametric
gain following the assumptions in Ref. 21 for BBO as non-
linear material. Pump intensities from 10 to 100 GW /cm?
and crystal lengths from 1 to 5 mm are presented. It can
be seen that a large parametric gain in excess of 10° can
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Fig. 1 (a) Schematic of the noncollinear optical parametric amplification (NOPA) geometry showing the
geometry for pump, signal, and idler beam. (b) Laboratory picture of an optical parametric amplifier (OPA)
setup with the green pump beam visible aligned through a BBO crystal.¥”
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Fig. 2 (a) Calculated parametric gain in dependence of the interaction length and the pump intensity.
(b) Scaled** damage threshold***® of BBO in the femtosecond to nanosecond range.

be obtained in these configurations. Experimentally, high
parametric gains of 10° (Ref. 17), 10* (Ref. 41), or even
10° (Ref. 42) are typically employed in the first OPA
stage of OPCPA systems, while a parametric gain of up
to 10® has been experimentally demonstrated from a femto-
second OPA stage.** Figure 2(b) shows the scaled damage
threshold in BBO based on the empirical squared root scal-
ing law of the damage threshold with pulse duration** and
values found in the literature.**¢ It can be seen that sub-
100-ps pulses are necessary to avoid damage and enable
pump intensities of 10 GW /cm? and above.

On the other hand, it is well known that employing a
shorter crystal has the benefit to relax requirements on the
wave-vector mismatch for the OPA process. BBO crystals
of several lengths have been utilized in the literature: for
example, a single 1-mm-long BBO crystal for the amplifica-
tion of sub-4-fs pulses®® and two 2-mm-long crystals for the
amplification of 5.0-fs pulses to 87-uJ pulse energy.*! A
combination of a 3-mm- and a 5-mm-long crystal has
been used to amplify 5.7-fs pulses to 3-uJ pulse energy?’
and two 5-mm-long crystals to amplify 7.9-fs pulses to
130-mJ pulse energy.'” In general, shorter crystals enable
a wider phase-matching bandwidth and allow OPA stages
to support almost-octave spanning bandwidths. In order to
obtain the same gain from shorter crystals, higher pump
intensities must be employed. A trend from reported
OPCPA systems can be found in the utilization of short pico-
second pump pulses, enabled by the recent developments in
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Yb-based CPA laser technology providing high-energy,
high-average-power pumps with 0.5- to 1-ps duration.

The energy transfer efficiency in OPCPA from pump to
signal pulse is typically on the order of 10 to 15% and de-
pendent on the amplified bandwidth. Generating the record
table-top, few-cycle OPCPA pulse energy of 130 mJ required
a pump pulse energy of 1.0 J at 532 nm wavelength,'” and the
record average power of 22 W required a pump laser with
120 W average power at 515 nm wavelength."”” For
OPCPA at 2.1 ym center wavelength, the current record effi-
ciency is 6.7% with an amplified pulse energy of 0.74 mJ
pumped by 11 mJ pulse energy at 1053 nm wavelength.*®
It is interesting to note that OPCPA compared to Ti:sap-
phire-based CPA is, in general, less efficient in terms of
pump to signal conversion since Ti:sapphire systems operate
with conversion efficiencies of 30 to 40%.* In addition, it is
worth noting that the required lasers to pump Ti:sapphire
are typically commercially available, Nd-based, master oscil-
lator power amplifiers (MOPA) providing high energetic
nanosecond pulses (5 to 10 ns). In contrast, OPCPA requires
extremely stable picosecond pump lasers with high peak
power. The performance of such pump lasers is the primary
limitation upon scaling of pulse energy and/or average power
in OPCPA systems.

2.3 Traditional OPCPA Architecture

The amplification via OPCPA of few-cycle pulses typically
follows the laser architecture’'** as shown in Fig. 3 and
described in the following. The front-end of the OPCPA
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Fig. 3 Traditional optical parametric chirped pulse amplification
(OPCPA) architecture in the visible based upon a sub-5-fs oscillator,
a pulse stretcher, the broadband amplification in the OPA, and a com-
pressor to retrieve almost the original pulse duration. The pump beam
is typically derived from the front-end oscillator to ensure optical syn-
chronization and utilizes in the pump beam generation multiple ampli-
fication stages resulting in a high-energetic picosecond pump pulse.

architecture is typically a mode-locked, octave-spanning
Ti:sapphire oscillator covering the required amplification
bandwidth.”® However, a few OPCPA systems have been
reported that utilize nonlinear spectral broadening of pulses
from either a Ti:sapphire oscillator'**’ or a Ti:sapphire-
based CPA system'” to seed the OPA. For center wavelengths
different from the visible Ti:sapphire bandwidth, nonlinear
frequency conversion based upon the octave-spanning Ti:
sapphire bandwidth, typically via difference frequency gen-
eration (DFG)!? or OPA,'® has been employed to provide
the seed pulses at various center wavelengths such as in the
mid-IR. In addition, OPCPA systems seeded by stable white
light filamentation in bulk material, such as a YAG plate gen-
erated by a portion of the typical sub-1-ps pump laser, have
been reported.’> >

Pulse stretching for sub-10-fs pulses in the visible can be
achieved with a grism stretcher, based on a combination of
grating and prism pairs, an acousto-optical programmable
dispersive filter (AOPDF) for phase fine-adjustments and
compression in bulk glass compressor. This method has
been shown to allow complete dispersion compensation
over >300 nm bandwidth in the visible supporting sub-
10-fs pulses’®’ and has been numerically extended for
sub-5-fs pulses.”® For wavelengths in the IR, dispersive
glasses can be utilized to up or down chirp the pulse and
ultrashort pulse shapers such as AOPDF are commercially
available.'*>' Dispersion management becomes increasingly
challenging for wavelengths >4 ym and mainly grating/
grism pairs are used without adaptive shaping.>’

In the traditional OPCPA architecture shown in Fig. 3, the
pump laser is typically optically or electronically synchron-
ized to the frond-end oscillator. The timing jitter requirement
at the OPA stage ranges from sub-picosecond to 10 ps
depending on the employed pulse durations, pulse shapes,
and output stability requirements. The electronic synchroni-
zation has been presented for 60 ps pump pulse durations.®
The optical synchronization is commonly preferred since its
performance is typically better than the minimum require-
ment.®" A jitter of several 100 fs from a pump scheme
with sub-1-ps pulse duration has been reported as significant
and was actively stabilized, since it otherwise induces
fluctuations on the parametric gain, bandwidth, and center
wavelength.®? Recently, an investigation has shown that
the obtainable carrier-envelope phase (CEP) stability also
depends on the pump-to-signal timing jitter and a CEP-sta-
bilization with 86 mrad has been realized associated with a
residual pump-to-signal timing jitter of 18 £4 fs with
~500 fs pump pulse duration.®®
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Fig. 4 The colored bars represent the few-cycle OPCPA bandwidth of
reported systems for few different crystals, pump wavelengths, and
phase matching condition. The gray bars represent the typical trans-
parency range of the employed crystals. Note that the tuning range of
the mentioned OPA stages can be larger than the indicated OPCPA
bandwidths and extremely wide OPA tuning ranges covering the vis-
ible®® to near-IR®® and mid-IR®® have been reported.

2.4 Visible to Mid-IR Few-Cycle Pulses

A major advantage of OPCPA compared to its main competi-
tor, the Ti:sapphire-based CPA, is the possibility to operate at
center wavelengths spanning the near-IR to the mid-IR. This
is achieved by the choice of a nonlinear crystal, pump wave-
length, as well as phase-matching geometry. Several OPCPA
systems have been presented operating with few-cycle dura-
tions covering almost continuously the spectrum from the
visible (0.6 ym) to the mid-IR (8 ym), which are summarized
in Fig. 4. The transparency ranges of the employed nonlinear
crystals are given, which were found via the freely available
software package SNLO (AS-Photonics, LLC, Albuquerque,
New Mexico).®*

A few crystal and wavelength combinations are detailed in
the following. An OPCPA system has been presented in 2011,
using MgO:PPLN (periodically poled lithium niobate)
pumped at 1049 nm as well as a BBO crystal pumped at
1030 nm, providing parametric amplification from 1.8 to
2.5 um centered at 2.1 ym.">>! After compression, this pro-
duced few-cycle pulses with 0.85 mJ pulse energy at 1 kHz
with 32 fs duration (4.5 optical cycles). A comparable system
has been presented pumped at 1053 nm with 49 ps using
PPLN and BBO crystals.”* This system operates with
15.7 fs duration (2 optical cycles) at 2.1 ym center wavelength
and 0.74 mJ energy. Further in the IR, a system has been
presented operating at 3.2 ym with 67 fs duration (6.3 optical
cycles) and generating 3.8 yJ pulse energy at 100 kHz."> A
system operating at 3.9 um was presented in 2011, which
used KTA (Potassium Titanyl Arsenate, KTiOAsO4) crystals
and produced pulses with 83 fs duration (7 optical cycles)
and 8 mJ energy corresponding to 90 GW peak power.'®
The longest-wavelength OPCPA presented to date provided
amplification from 4.1 to 7.9 um centered at 6 pm.”

2.5 Current Performance Level of Table-Top,
Few-Cycle OPCPA

The performance of the reported OPCPA systems are listed
in Table 1 and graphically represented in Fig. 5 with the year
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Table 1 List of selected optical parametric chirped pulse amplification (OPCPA) systems reported in the literature, which are graphically illustrated

in Fig. 5. See Table 2 for the list of acronyms.

Ref Pulse energy Average power Pulse duration Peak power Center wavelength Pump technology Pump duration
38 90 mJ 0.9 W 10 fs 9.0 TW 0.8 um Flashlamp 60 ps
60 16 m) 0.47 W 7.6fs 2.1 TW 0.8 um Flashlamp 60 ps
65 200 u) 02WwW 15fs 13 GW 1.5 ym Ti:sapphire 50 fs
69 1.5 mJ 1.5W 6.4 fs 230 GW 0.8 um Ti:sapphire 100 ps
67 2.7 m 27 W 55fs 490 GW 0.8 um Ti:sapphire 75 ps
52 1.2 4 0.12 W 96 fs 13 MW 3.2 um DPSS 15 ps
42 220 4) 0.22 W 23 fs 9.6 GW 2.2 ym DPSS 12 ps
48 740 u) 0.74 W 15.7 fs 47 GW 2.1 ym DPSS 49 ps
17 0.13) 1.3 W 79fs 16 TW 0.805 um Flashlamp 78 ps
15 3.8 0.38 W 67 fs 56 MW 3.2 ym DPSS 8 ps
53 0.4 uJ 0.42 W 9.7 fs 43 MW 0.8 um Fiber 0.42 ps
70 74 p) 71 W 8.0fs 9.3 GW 0.8 um Fiber 0.78 ps
71 1.3 4 0.19 W 8.8fs 150 MW 0.8 um Thin-disk 1.6 ps
47 3u 0.43 W 57 fs 530 MW 0.85 um Thin-disk 1.6 ps
51 850 uJ 0.85W 32fs 27 GW 2.1 ym Cryo SS 12 ps
41 87 ul 2.61 W 5.4 16 GW 0.8 um Fiber 0.70 ps
16 8 mJ 0.16 W 83 fs 96 GW 3.9 um Flashlamp 70 ps
13 22 u) 22w 5.0fs 4.4 GW 0.88 um Fiber 0.50 ps
14 1.2m 3.6 W 10.5 fs 114 GW 2.1 um Thindisk 1.6 ps

Performance of reported OPCPA systems and year
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Fig. 5 Graphical overview of the performance of reported OPCPA
systems. A color code is employed to emphasize the impact of the
pump laser technology on the overall OPCPA performance. See
Table 1 for the list of references and Table 2 for the list of acronyms.
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of publication noted (see Table 2 for list of acronyms). All of
these systems operate with few-cycle pulse duration with
center wavelengths ranging from 0.8 to 3.9 um. A few out-
standing record table-top OPCPA systems are listed in the
following. The highest OPCPA peak power presented to
date is 16 TW corresponding to 130 mJ and 7.9 fs duration
with a contrast of 10~!2 for 430 ps.!” The record pulse energy
for repetition rates around 1 kHz is 2.7 mJ with 5.5 fs pulse
duration corresponding to a peak power of 490 GW.% The
highest average power was reported in Ref. 13 with 22 W at
1 MHz repetition rate and a nominal pulse duration of 5.0 fs
corresponding to 1.7 optical cycles. Similar to other OPCPA
publications with durations of 5.5 fs (Ref. 67) and 5.7 fs
(Ref. 47), the reported central pulse of 5 to 6 fs duration
is surrounded by side pulses, which potentially degrade
pulse contrast and affect usability for high pulse intensity
experiments.®®

Even shorter pulse durations have been reported recently,
employing different pump wavelengths in multiple OPA
stages. This method enabled the generation of a waveform
with a 4.6 fs duration, where two consecutive OPA stages
pumped by the second harmonic generation (SHG) and
third harmonic generation of the pump beam, respectively,
resulted in an amplified bandwidth covering from 430 to
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Table 2 List of acronyms and definitions.

Acronym Definition

Flashlamp Based upon flashlamp-pumped amplifiers

Ti:sapphire Based upon Ti:sapphire-based amplifiers

DPSS Based upon diode-pumped solid-state amplifiers

Fiber Based upon Yb-doped fiber-based amplifiers

Thin-disk Based upon Yb:YAG thin-disk amplifiers

Cryo SS Based upon cryogenically cooled Yb-based
solid-state amplifiers

MOPA A system in master oscillator power amplifier
configuration

CPA A system in chirped-pulse amplification configuration

1300 nm (—40 dB).* In a similar scheme, two separate
OPCPA systems have been employed (covering a bandwidth
from 0.75 to 1.1 gm and 1.9 to 2.5 um) to synthesize a wave-
form with a central region of 0.8 cycles (FWHM) corre-
sponding to 2.1 fs.”” In contrast to these OPCPA systems
with quasi-single-cycle pulses, visible sub-10-fs (Ref. 17)
and near-IR sub-20-fs pulses***® can provide a more uniform
spectrum, with potentially increased temporal contrast in the
femto- to picosecond range. The shortest duration reported
from OPA itself is 4.0 fs at a 600 nm center wavelength cor-
responding to 2.0 optical cycles.’® The lowest number of
cycles reported is 1.5 at a center wavelength of 2.1 ym.'*
Most of the record OPCPA performances were achieved
when operated in the visible spectrum based upon BBO as
a nonlinear medium.

Figure 5 employs a color code that relates the OPCPA
performance to the utilized pump laser technology. It can
be seen that high pulse energies, exceeding the 10 mJ-level,
have only been achieved when pump lasers were employed
based on flashlamp-pumped solid-state amplifiers. On the
other hand, the highest average power regime demonstra-
tions have utilized fiber and thin-disk pump lasers. For the
range in between, several pump technologies have been
employed providing comparable performance.

The reported OPCPA systems cover a wide parameter
range due to the advantages of OPA and the absences of
any stored energy in the nonlinear material (besides the
parasitic effects discussed later in this paragraph). The latter
is in contrast to traditional laser amplification based upon
stimulated emission, in which a high amount of energy
can be stored in the amplification medium resulting in ther-
mally induced beam distortions, such as thermal lensing.
For OPCPA, it seems that the performance is currently
still scalable in terms of pulse energy and average power
and that OPCPA is primarily limited by the performance
of the employed pump lasers. It has been found recently
that parasitic effects in the nonlinear crystal can lead to
heat accumulation in the OPA stage of a high-average-
power system. In this context, the most dominate parasitic
effect in BBO-based visible NOPA, as shown experimentally
in Ref. 73, results from absorption of the idler beam. This is
due to the limited transparency range, which covers in a 1-
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cm-long BBO crystal the range from 0.2 to 2.6 ym for the 0.5
transmittance level, while the linear absorption value at
2.55 um is significant at 0.5 cm~!.”* Thus, for visible
NOPA covering the range from 625 to 950 nm, pumped
at 515 nm and with generated idler beam ranging from
1.1 to 2.9 ym, the nonvanishing absorption in BBO can
become a limiting factor for further power scaling beyond
the current level. In addition, the non-negligible linear
absorption across the transparency range (for example, in
BBO of 0.01 cm™" at 0.532 nm or 0.001 cm~! at 1.0 ym)”*
or multiphoton absorption results in additional heat accumu-
lation. This heat-affected zone in the OPA stage can impact
the phase-matching condition and induce thermal lensing or
potentially fracture/damage the OPA material. These novel
thermally induced effects in OPA are under investigation in
many research laboratories around the world. We expect
several approaches to mitigate thermal effects in OPAs
emerging from this research.

2.6 Experimentally Demonstrated Pump Laser
Schemes

Over the last seven years, several radically different pump
laser schemes have been implemented as OPCPA pump
lasers. Here, we review the progress of these laser systems
and the influence on the OPCPA output performance. The
performances of the pump lasers of the OPCPA systems
from Fig. 5 are listed in Table 3 and graphically shown in
Fig. 6 (see Table 2 for list of acronyms). The latter shows
the pulse energy and average power of the employed
pump lasers relative to the year of publication.

Several trends can be extracted from Fig. 6: It can be seen
that the highest pulse energy has been achieved utilizing
flashlamp-pumped solid-state amplifiers. Based on the per-
formance shown in Fig. 6, flashlamp-pumped amplifiers are
the only OPCPA-proven technology in this context that result
in pump pulse energies >100 mJ, with a record energy of
1.5 J with 15 W average power. The pulse provided by
the system had 110 ps duration corresponding to 14 GW
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Fig. 6 Performance of OPCPA pump lasers in terms of pulse energy
and average power against the year of publication. The pump laser
systems are differentiated by color code corresponding to their laser
technology. See Table 3 for the list of references and Table 2 for the
list of acronyms.
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peak power at 1064 nm center wavelength.'” This pump laser
generated the current record performance in terms of pulse
energy and peak power for table-top OPCPA systems with an
output of 130 mJ and 16 TW, respectively. Other systems
have been presented for OPCPA pumping, such as a 250-
m] pulse energy system with 70 ps duration at 20 Hz rep-
etition rate'® and a system providing 160-mJ, 60-ps pulses
at 30 Hz.% It can be seen that high pulse energy is achieved
with this technology, but the corresponding average power is
limited to the 20 W-level.

On the other side, the highest average power was demon-
strated with a fiber-based pump laser system. This system
operated at a repetition rate of 1 MHz providing 200 W aver-
age power and 200 pJ pulse energy at 1030 nm center wave-
length with 0.47 ps duration before SHG to 515 nm to pump
an OPCPA system.!® This pump laser enabled the record
OPCPA average power performance of 22 W with a peak
power of 4.4 GW."?

Several systems have been presented providing both high
pulse energy as well as high average power. The earliest sys-
tems were based on narrow-band, picosecond pump systems
providing 10 mJ-level pulse energies at kilohertz repetition
rate. In 2007, such a pump system based on Ti:sapphire
amplifiers provided 4 and 10 mJ at 400 nm with ~70 ps
duration.®” A Nd: YLF regenerative and multistage amplifiers
were used to generate 11 mJ at 1 kHz repetition rate with
49 ps duration.*® A similar system of Nd:YLF regenerative
and multipass amplifier was used to generate 7 mJ pulse
energy with 110 ps duration, which was compressed to
12 ps and 4.5 mJ.** A commercial mode-locked Nd:YVO,
system (Lumera Laser GmbH, Germany) producing 10 W at

100 kHz with 0.1 mJ pulse energy and 8.7 ps duration was
the OPCPA pump laser in Ref. 52.

More recently, Yb-based CPA systems have been intro-
duced as OPCPA pumps allowing significant increases in
average power due to their superior thermal handling com-
pared to Nd-based systems and reduction in pulse duration via
CPA. A cryogenically cooled solid-state system has been used
as OPCPA pump based on a Yb:YAG regenerative amplifier
operating at 1 kHz, 13 mJ, 15 ps, 13 W.>! A Yb:YAG thin-disk
system has been used as a pump with 20 mJ at 1030 nm and
3 kHz, 1.6 ps duration.'"* The performance benefits of Yb-
based CPA systems are highlighted in Sec. 3.3.

3 Recent Developments on Picosecond,
High-Energy, and High-Average-Power Lasers

This section reviews the recent progress in relevant laser tech-
nologies that will impact the performance of the OPCPA sys-
tems in the near future. The pump laser systems mentioned in
Sec. 2.5 are listed in Table 3 and graphically shown in
Fig. 7(a) in terms of pulse energy and average power.
Similarly, the performances of several recently reported
laser systems are listed in Table 4 and graphically shown
in Fig. 7(b) (see Table 2 for list of acronyms). These two
figures are placed next to one another in order to directly com-
pare the performance of pump lasers that have been employed
for OPCPA with that of recently reported picosecond laser
systems. In addition, trends are identified in this chapter
for the recently reported systems and the direct impact on
the performance of OPCPA systems in the near future is
discussed.

Employed laser technology
B Nd:YAG MOPA Fiber CPA
B Ti:sapphire MOPA m Cryo-SS MOPA
DPSS MOPA ® Cryo-SS CPA
DPSS CPA ® Slab CPA
@ Thin-disk CPA
(a) Utilized OPCPA pump laser (b) Reported laser systems
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Fig. 7 (a) Performances of the pump lasers of reported OPCPA systems in terms of pulse energy and
average power. (b) Performance of recently demonstrated high-energy, high-average-power picosecond
laser system. The laser systems are differentiated by color code corresponding to their laser technology.

See Tables 3 and 4 for the list of references and Table 2 for the list of acronyms.
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Table 3 List of the performances of the pump lasers employed in reported OPCPA systems (Fig. 5), which are graphically illustrated in Figs. 6 and

7. See Table 2 for the list of acronyms.

Ref. Laser technology Scheme Pulse energy Average power Pulse duration Peak power
38 Flashlamp MOPA 1.15) 11.5W 110 ps 10 GW
60 Flashlamp MOPA 250 m) 7.5W 85 ps 2.9 GW
65 Ti:sapphire CPA 1.5 m) 1.5W 50 fs 30 GW
69 Ti:sapphire MOPA 21 mJ 21 W 141 ps 150 MW
67 Ti:sapphire MOPA 29 mJ 29 W 106 ps 273 MW
52 DPSS MOPA 65 4l 6.5 W 15 ps 4.3 MW
42 DPSS MOPA 4.5 m) 4.5W 12 ps 380 MW
48 DPSS MOPA 11 mJ 1TW 49 ps 225 MW
17 Flashlamp MOPA 1.5) 15W 110 ps 14 GW
15 DPSS MOPA 400 ) 40 W 12 ps 33 MW
53 Fiber CPA 9 ul A% 420 fs 21 MW
70 Fiber CPA 500 u) 49 W 1.1 ps 460 MW
71 Thin-disk CPA 40 p) 57 W 1.56 ps 25 MW
47 Thin-disk CPA 27 u) 3.85W 2.3 ps 12 MW
51 Cryo SS CPA 16.5 m) 16.5W 12 ps 1.4 GW
4] Fiber CPA 890 uJ 26.8 W 990 fs 900 MW
16 Flashlamp MOPA 250 mJ 5W 70 ps 3.6 GW
13 Fiber CPA 120 ) 120 W 500 fs 240 MW
14 Thin-disk CPA 20 m) 60 W 1.6 ps 12.5 GW

3.1 Flashlamp-Pumped and Diode-Pumped
Solid-State MOPA Systems

The highest pulse energies from OPCPA systems have been
reported when employing flashlamp-pumped solid-state
amplifiers. The technology utilizes large-aperture Nd:YAG
rods with large amounts of stored energy to reach joule-
level pulse energies with repetition rates of 30 Hz and
lower. Based on the comparison here, no other laser tech-
nology has been used to obtain higher pulse energies. Since
this technology offers compact optical setup, it is the most
common path for the generation of ultrahigh-energy pulses
and moderate average powers. Thus, the current record
OPCPA peak power of 16 TW was enabled by flashlamp-
pumped amplifiers in the pump beam generation. Higher
average powers are generally prohibited by the low effi-
ciency of flashlamp pumping and the associated demands
on the high-voltage power supplies/switching electronics.
As a consequence, this mature technology has been generally
limited to 10 W-level average powers but with ultrahigh
pulse energies at the joule-level.

A compromise between pulse energy and average power
can be realized with diode-pumped solid-state amplifiers,
such as Nd:YAG or Nd:YVO,. In this case, the average
powers are sufficiently high that thermally induced lensing
and depolarization must be compensated. A system has been
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demonstrated operating at 1 kHz with Nd:YAG amplifiers
producing an output energy of 40 mlJ, 48 ps duration and
a corresponding average power of 40 W.°* At higher repetition
rates, a system has been presented operating with 33.7 W
and 20 kHz with ~220 ps pulse duration corresponding to
7 MW peak power.!” Another system has been demon-
strated based on Nd: YVO, slab amplifier with 0.6 mJ pulse
energy and 12 ps duration corresponding to an average/peak
power between 46 W /38 MW and 30 W/50 MW.” All of
these systems offer high performance with compact footprint
due to the MOPA architecture.

3.2 Yb:YAG Thin-Disk and Yb:Fiber CPA Systems

Compared to Nd-based amplifiers, the quantum defect is
~10% in Yb:YAG whereas it is ~25% in Nd:YAG, resulting
in higher optical-to-optical efficiency and lower thermal load
at comparable operational power. Several novel laser/ampli-
fier configurations have been developed to reduce the ther-
mal distortions. The thin-disk approach is one example in
which a Yb:YAG crystal with few hundred micrometers
thickness and few millimeters diameter is utilized. This heat
removal scheme minimizes thermally induced beam distor-
tions without the need for complex compensation. Extraction
of up to 25 mJ at 3 kHz repetition rate with 1.6 ps duration
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Table 4 List of the performances of high-energy, high-average-power picosecond laser systems reported over the last years, which satisfy the
performance requirements to pump OPCPA. These systems are graphically illustrated in Fig. 7. See Table 2 for the list of acronyms.

Ref. Laser technology Scheme Pulse energy Average power Pulse duration Peak power
75 DPSS MOPA 130 uJ 53 W 19 ps 7 MW
76 DPSS MOPA 123 ul 12 W 6.8 ps 18 MW
77 Cryo SS MOPA 3.7 u 287 W 5.5 ps 670 kW
78 Cryo SS CPA 300 4l 6W 195 fs 1.5 GW
79 Thin-disk CPA 25 m) 75 W 1.6 ps 15 GW
80 Thin-disk CPA 300 m) 3IW 2 ps 150 GW
81 Cryo SS MOPA 15 4) 760 W 12 ps 1.2 MW
82 Cryo SS CPA 6.5 m) 13W 15 ps 433 MW
83 DPSS MOPA 3ml 30 W 25 ps 118 MW
84 DPSS slab CPA 5.5 u 1.1 kW 610 fs 9 MW
85 Fiber CPA 3.1 4 31w 140 fs 22 MW
86 Fiber CPA 11 4 830 W 0.64 fs 12 MW
87 Cryo SS CPA 100 m) 10w 5 ps 20 GW
88 Cryo SS CPA 12 mJ 60 W 1.6 ps 7.5 GW
89 DPSS CPA 27 mJ 27 W 560 fs 48 GW
90 DPSS ceramic CPA 130 mJ 1.3 W 450 fs 290 GW
91 DPSS MOPA 1.8 m 8.8 W 28 ps 62 MW
92 DPSS CPA 200 mJ 2W 900 fs 222 GW
93 DPSS MOPA 500 uJ 5W 85 ps 5.8 MW
94 DPSS MOPA 40 m) 40 W 48 ps 833 MW
54 DPSS slab CPA 20 mJ 250 W 830 fs 24 GW
95 DPSS slab MOPA 600 uJ 30W 12 ps 50 MW
96 Fiber CPA 3 m) 30 W 470 fs 6.4 GW
97 Fiber CPA 2.2 m) 1Mw 500 fs 4.4 GW
98 Cryo SS CPA 11 m) 106 W 865 fs 12.3 GW
99 Cryo SS CPA 1) 100 W 5 ps 200 GW
100 DPSS CPA 40 u) 8 W 180 fs 220 MW
101 Fiber CPA 34 3w 50 fs 60 MW
102 Flashlamp MOPA 300 mJ 3IW 141 ps 2.1 GW

has been presented.”” However, due to the small thickness of
the disk, the scheme has to overcome low pump absorption
and low small signal gain (on occasion <1.1) with a high
number of passes for pump and signal, such as 20 passes
of the pump and 300 bounces in the case of regenerative
amplifier reported in Ref. 92. A 15-pass amplifier was pre-
sented based on a thin-disk to amplify a 10-Hz burst of 80
pulses at 100 kHz repetition rate with 25 mJ per pulse.'%*
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Recent progress in large-pitch photonic crystal fibers has
allowed the increase of pulse energy in fiber amplifier sys-
tems to impressive levels. CPA systems based on such fibers
have been already used as OPCPA pump with up to 200 W
average power resulting in the current record OPCPA aver-
age power.'> A similar performance has been shown from a
system providing up to 830 W average and 10.6 pJ pulse
energy with sub-picosecond pulse duration.®® For higher
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pulse energies, a similar fiber system has been employed to
generate 2.2 mJ pulse energy with sub-ps duration®” and 3 mJ
when beam combining is utilized.”® Thus, fiber amplifier
based systems offer high average power performance in
highly stable and compact architectures.

3.3 Yb-Based Cryogenically Cooled Solid-State and
Slab Systems

Several relevant properties of Yb:YAG improve when oper-
ating at cryogenic temperatures. The level scheme becomes
an almost four-level minimizing reabsorption, the stimulated
cross-section improves by ~5, while the thermal conductivity
increases 2.5 to 4 times depending on the dopant level."!
However, the emission linewidth and thus, the amplification
bandwidths of these systems reduce to typically <1 nm, cor-
responding to a transform-limited pulse duration of ~5 ps. A
few cryogenically cooled systems have been presented, such
as a system generating 287 W average power with 5.5 ps
duration pulses corresponding to 3.7 uJ pulse energy.”’
Another system has been reported based on cryogenically
cooled, thick-disk, Yb:YAG producing up to 100 mJ at
100 Hz with a compressed duration of 5 ps.*” The perfor-
mance of the system has been further scaled to generate
an output of 1 J pulse energy with 5 ps duration correspond-
ing to 100 W average power.” A system with a double- and
single-pass amplifier was presented based on multiple thick
Yb:YAG disks generating up to 15.2 uJ pulse energy with
760 W average power and 12 ps duration.®!

Another scheme to reduce thermally induced aberrations
is a slab amplifier. The beam multipasses through the slab
offering lower thermal aberration compared to rod-type
designs, high small signal gain as well as a compact design.
One such system based on a Yb:YAG slab generated 0.64 ps
pulses with up to 1.1 kW average power at 20 MHz corre-
sponding to a peak power of 80 MW.** At 12.5 kHz repeti-
tion rate, a similar amplifier scheme has been used to
generate 20 mJ pulse energy with 0.83 ps after postcompres-
sion corresponding to an average power of 250 W.>*

3.4 Trends and Impact for Few-Cycle OPCPA

The mentioned laser technologies are employed with a wide
range of output parameters. Figure 7 shows the performance
in terms of pulse energy and average power for some poten-
tial pump systems in contrast to those already employed for
OPCPA pumping. It can be seen that novel laser technologies
offer an order of magnitude improvement in average power
relative to the performance employed to pump OPCPA sys-
tems to date. Although many of these new systems have not
been characterized for the strict OPCPA requirements in
terms of low noise, fluctuations, and jitter, the implementa-
tion of higher-average-power pump lasers is within reach.
A few notable pump lasers have been presented. For
example, if the cryogenically cooled, Yb:YAG, thick-disk
amplifier producing 1 J pulses with 5 ps duration” were
employed as an OPCPA pump, few-cycle pulses could be
generated with 100 mJ at 100 Hz corresponding to 10 W
average power. Similarly, if the Yb:YAG slab amplifier pro-
ducing 0.83 ps pulses with 20 mJ energy’* were employed,
an OPCPA output of 2 mJ at 12.5 kHz could be obtained. As
a consequence, we expect to see a sharp increase of available
pump power in the next years, enabling OPCPA with
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energies from 1 to 100 mJ and repetition rate from 100 Hz
to 10 kHz outperforming Ti:sapphire-based CPA systems.

4 Summary and Outlook

In this article, we have reviewed the concepts behind table-
top, few-cycle OPCPA as well as the current performance
level obtained in research laboratories around the world.
The current performance level of table-top OPCPA is pri-
marily limited by the performance of the employed pump
laser. Today, the OPCPA method has reached a performance
level comparable to Ti:sapphire-based CPA technology with
multi-10 TW peak power, mJ-level pulse energy at several
kilohertz repetition rate, or ultra-high repetition rates with
>20 W average power. Although thermal effects have
been observed in the OPA, this is not yet a significant
limit on average power scaling.

We also have presented an overview of recently reported
high-energy, high-average-power, picosecond laser systems.
Several promising laser systems have been presented, pro-
ducing >100 W average power with high pulse energy
and picosecond pulse duration. Thus, it seems feasible to
obtain in the near future few-cycle pulses with multi-mJ-
level energy in the visible, near-IR, or mid-IR via OPCPA
at the 10 W average power level.

References

1. D. Strickland and G. Mourou, “Compression of amplified chirped
optical pulses,” Opt. Commun. 55(6), 447-449 (1985).

2. P. Maine et al., “Generation of ultrahigh peak power pulses by chirped
pulse amplification,” IEEE J. Quantum Electron. 24(2), 398-403
(1988).

3. T. Tanabe et al., “Compensation for a transfer function of a regener-
ative amplifier to generate accurately shaped ultrashort pulses in
both the amplitude and phase,” IEEE J. Sel. Topics Quantum
Electron. 10(1), 221-228 (2004).

4. M. Nisoli et al., “A novel-high energy pulse compression system: gen-
eration of multigigawatt sub-5-fs pulses,” Appl. Phys. B 65(2), 189—
196 (1997).

5. T. Brabec and F. Krausz, “Intense few-cycle laser fields: frontiers of
nonlinear optics,” Rev. Mod. Phys. 72(2), 545-591 (2000).

6. S. Bohman et al., “Generation of 5.0 fs, 5.0 mJ pulses at 1 kHz
using hollow-fiber pulse compression,” Opt. Lett. 35(11), 1887—1889
(2010).

7. C. P. Hauri et al., “Generation of intense, carrier-envelope phase-
locked few-cycle laser pulses through filamentation,” Appl. Phys. B
79(6), 673-677 (2004).

8. G. Stibenz, N. Zhavoronkov, and G. Steinmeyer, “Self-compression of
millijoule pulses to 7.8 fs duration in a white-light filament,” Opt. Lett.
31(2), 274-276 (2006).

9. A. Mysyrowicz, A. Couairon, and U. Keller, “Self-compression of
optical laser pulses by filamentation,” New J. Phys. 10(2), 025023
(2008).

10. 1. Matsushima, H. Yashiro, and T. Tomie, “10 kHz 54 W Ti:sapphire
regenerative amplifier as a pumping laser of a laser-plasma X-ray
source,” Proc. SPIE 7022, 70220M (2008).

11. 1. Matsushima, H. Yashiro, and T. Tomie, “10 kHz 40 W Ti:sapphire
regenerative ring amplifier,” Opt. Lett. 31(13), 20662068 (2006).

12. A. Dubietis, G. JonusSauskas, and A. Piskarskas, “Powerful femto-
second pulse generation by chirped and stretched pulse parametric
amplification in BBO crystal,” Opt. Commun. 88(4-6), 437-440
(1992).

13. J. Rothhardt et al., “Octave-spanning OPCPA system delivering CEP-
stable few-cycle pulses and 22 W of average power at 1 MHz repetition
rate,” Opt. Express 20(10), 10870-10878 (2012).

14. Y. Deng et al., “Carrier-envelope-phase-stable, 1.2 mJ, 1.5 cycle laser
pulses at 2.1 ym,” Opt. Lett. 37(23), 4973-4975 (2012).

15. O. Chalus et al., “Six-cycle mid-infrared source with 3.8 uJ at
100 kHz,” Opt. Lett. 35(19), 3204-3206 (2010).

16. G. Andriukaitis et al., “90 GW peak power few-cycle mid-infrared
pulses from an optical parametric amplifier,” Opt. Lett. 36(15),
2755-2757 (2011).

17. D. Herrmann et al., “Generation of sub-three-cycle, 16 TW light pulses
by using noncollinear optical parametric chirped-pulse amplification,”
Opt. Lett. 34(16), 2459-2461 (2009).

18. R. Butkus et al., “Progress in chirped pulse optical parametric ampli-
fiers,” Appl. Phys. B 79(6), 693-700 (2004).

May 2014 « Vol. 53(5)


http://dx.doi.org/10.1016/0030-4018(85)90151-8
http://dx.doi.org/10.1109/3.137
http://dx.doi.org/10.1109/JSTQE.2004.824069
http://dx.doi.org/10.1109/JSTQE.2004.824069
http://dx.doi.org/10.1007/s003400050263
http://dx.doi.org/10.1103/RevModPhys.72.545
http://dx.doi.org/10.1364/OL.35.001887
http://dx.doi.org/10.1007/s00340-004-1650-z
http://dx.doi.org/10.1364/OL.31.000274
http://dx.doi.org/10.1088/1367-2630/10/2/025023
http://dx.doi.org/10.1117/12.803939
http://dx.doi.org/10.1364/OL.31.002066
http://dx.doi.org/10.1016/0030-4018(92)90070-8
http://dx.doi.org/10.1364/OE.20.010870
http://dx.doi.org/10.1364/OL.37.004973
http://dx.doi.org/10.1364/OL.35.003204
http://dx.doi.org/10.1364/OL.36.002755
http://dx.doi.org/10.1364/OL.34.002459
http://dx.doi.org/10.1007/s00340-004-1614-3

20.

21.
22.

24.

25.

26.
217.

28.

29.

30.
31.
32.

33.
34.

35.
36.

37.

38.

39.

40.

41.

42.

43.

44.
45.
46.
47,

48.
49.
50.

Optical Engineering

Vaupel et al.: Concepts, performance review, and prospects of table-top, few-cycle optical parametric. ..

. A. Dubietis, R. Butkus, and A. P. Piskarskas, “Trends in chirped
pulse optical parametric amplification,” IEEE J. Sel. Topics Quantum
Electron. 12(2), 163-172 (20006).

S. Witte and K. S. E. Eikema, “Ultrafast optical parametric chirped-
pulse amplification,” IEEE J. Sel. Topics Quantum Electron. 18(1),
296-307 (2012).

G. Cerullo and S. De Silvestri, “Ultrafast optical parametric ampli-
fiers,” Rev. Sci. Instrum. 74(1), 1-18 (2003).

S. Witte et al., “Numerical simulations for performance optimization of
a few-cycle terawatt NOPCPA system,” Appl. Phys. B 87(4), 677-684
(2007).

. I. N. Ross et al., “The prospects for ultrashort pulse duration and ultra-
high intensity using optical parametric chirped pulse amplifiers,”
Opt. Commun. 144(1-3), 125-133 (1997).

0. V. Chekhlov et al., “35 J broadband femtosecond optical parametric
chirped pulse amplification system,” Opt. Lett. 31(24), 3665-3667
(2006).

I. N. Ross et al., “Analysis and optimization of optical parametric
chirped pulse amplification,” J. Opt. Soc. Am. B 19(12), 2945-2956
(2002).

C. N. Danson et al., “Vulcan petawatt: design, operation and inter-
actions at 5 X 102 W em™2,” Laser Part. Beams 23(1), 87-93 (2005).
0. Novik et al., “Design of a petawatt optical parametric chirped pulse
amplification upgrade of the kilojoule iodine laser PALS,” Laser Part.
Beams 31(02), 211-218 (2013).

G. M. Gale et al., “Sub-20-fs tunable pulses in the visible from an
82-MHz optical parametric oscillator,” Opt. Lett. 20(14), 1562—1564
(1995).

G. M. Gale, F. Hache, and M. Cavallari, “Broad-bandwidth parametric
amplification in the visible: femtosecond experiments and simula-
tions,” IEEE J. Sel. Topics Quantum Electron. 4(2), 224-229 (1998).
M. Nisoli et al., “Parametric generation of high-energy 14.5-fs light
pulses at 1.5 ym,” Opt. Lett. 23(8), 630-632 (1998).

G. Cerullo et al., “Sub-8-fs pulses from an ultrabroadband optical para-
metric amplifier in the visible,” Opt. Lett. 23(16), 1283-1285 (1998).
T. Wilhelm, J. Piel, and E. Riedle, “Sub-20-fs pulses tunable across
the visible from a blue-pumped single-pass noncollinear parametric
converter,” Opt. Lett. 22(19), 1494-1496 (1997).

E. Riedle et al., “Generation of 10 to 50 fs pulses tunable through all of
the visible and the NIR,” Appl. Phys. B 71(3), 457-465 (2000).

A. Shirakawa, I. Sakane, and T. Kobayashi, “Pulse-front-matched opti-
cal parametric amplification for sub-10-fs pulse generation tunable in
the visible and near infrared,” Opt. Lett. 23(16), 1292-1294 (1998).
T. Kobayashi and A. Shirakawa, “Tunable visible and near-infrared
pulse generator in a 5 fs regime,” Appl. Phys. B70(1), 239-246 (2000).
A. Baltuska, T. Fuji, and T. Kobayashi, “Visible pulse compression to
4 fs by optical parametric amplification and programmable dispersion
control,” Opt. Lett. 27(5), 306-308 (2002).

M. Hemmer, A. Vaupel, and M. Richardson, “Current status of the
HERACLES, a millijoule level, multi kHz, few-cycle, and CEP stabi-
lized OPCPA system,” in Conf. on Lasers and Electro-Optics and
Quantum Electronics and Laser Science, pp. 1-2, Optical Society
of America (2010).

F. Tavella, A. Marcinkevicius, and F. Krausz, “90 mJ parametric
chirped pulse amplification of 10 fs pulses,” Opt. Express 14(26),
12822-12827 (2006).

D. Herrmann et al., “Approaching the full octave: noncollinear optical
parametric chirped pulse amplification with two-color pumping,”
Opt. Express 18(18), 18752-18762 (2010).

A. Harth et al., “Two-color pumped OPCPA system emitting spectra
spanning 1.5 octaves from VIS to NIR,” Opt. Express 20(3), 3076~
3081 (2012).

S. Hidrich et al., “High-repetition-rate sub-5-fs pulses with 12 GW
peak power from fiber-amplifier-pumped optical parametric chirped-
pulse amplification,” Opt. Lett. 36(3), 313-315 (2011).

J. Moses et al., “Highly stable ultrabroadband mid-IR optical paramet-
ric chirped-pulse amplifier optimized for superfluorescence suppres-
sion,” Opt. Lett. 34(11), 1639-1641 (2009).

V. Krylov et al., “Efficient noncollinear parametric amplification of
weak femtosecond pulses in the visible and near-infrared spectral
range,” Opt. Lett. 23(2), 100-102 (1998).

B. C. Stuart et al., “Nanosecond-to-femtosecond laser-induced break-
down in dielectrics,” Phys. Rev. B 53(4), 1749-1761 (1996).

H. Nakatani et al., “Laser-induced damage in beta-barium metaborate,”
Appl. Phys. Lett. 53(26), 2587 (1988).

C. Chen et al., “New nonlinear-optical crystal: LiB305,” J. Opt. Soc.
Am. B 6(4), 616-621 (1989).

M. Schultze et al., “Multi-uJ, CEP-stabilized, two-cycle pulses from
an OPCPA system with up to 500 kHz repetition rate,” Opt. Express
18(26), 27291-27297 (2010).

X. Gu et al., “Generation of carrier-envelope-phase-stable 2-cycle 740-uJ
pulses at 2.1-ym carrier wavelength,” Opt. Express 17(1), 62-69 (2009).
S. Backus et al., “High power ultrafast lasers,” Rev. Sci. Instrum. 69(3),
1207-1223 (1998).

R. Ell et al., “Generation of 5-fs pulses and octave-spanning spectra
directly from a Ti:sapphire laser,” Opt. Lett. 26(6), 373-375 (2001).

51

52.
53.
54.

55.

56.

57.

58.

59.

60.

61.
62.

63.

64.
65.

66.

67.

68.

69.
70.

71.

72.

73.
74.
75.

76.

77.

78.

79.

80.

81.

051507-11

. K.-H. Hong et al., “High-energy, phase-stable, ultrabroadband kHz
OPCPA at 2.1 um pumped by a picosecond cryogenic Yb:YAG
laser,” Opt. Express 19(16), 15538-15548 (2011).

0. Chalus et al., “Mid-IR short-pulse OPCPA with micro-joule energy
at 100 kHz,” Opt. Express 17(5), 3587-3594 (2009).

M. Emons et al., “Sub-10-fs pulses from a MHz-NOPA with pulse
energies of 0.4 pJ,” Opt. Express 18(2), 1191-1196 (2010).

M. Schulz et al., “Yb:YAG Innoslab amplifier: efficient high repetition
rate subpicosecond pumping system for optical parametric chirped
pulse amplification,” Opt. Lett. 36(13), 2456-2458 (2011).

C. Homann et al., “Octave wide tunable UV-pumped NOPA: pulses
down to 20 fs at 0.5 MHz repetition rate,” Opt. Express 16(8),
5746-5756 (2008).

D. M. Gaudiosi et al., “Multi-kilohertz repetition rate Ti:sapphire
amplifier based on down-chirped pulse amplification,” Opt. Express
14(20), 9277-9283 (2006).

F. Tavella et al., “Dispersion management for a sub-10-fs, 10 TW opti-
cal parametric chirped-pulse amplifier,” Opt. Lett. 32(15), 2227-2229
(2007).

T. H. Dou et al., “Dispersion control with reflection grisms of an ultra-
broadband spectrum approaching a full octave,” Opt. Express 18(26),
27900-27909 (2010).

S. Alisauskas et al., “Micro-joule octave spanning pulses at 6 ym from
a hybrid femtosecond OPA,” in Lasers, Sources, and Related Photonic
Devices, Paper AM1A.6, Optical Society of America (2012).

S. Witte et al., “A source of 2 terawatt, 2.7 cycle laser pulses based
on noncollinear optical parametric chirped pulse amplification,”
Opt. Express 14(18), 8168-8177 (2006).

C. Y. Teisset et al., “Soliton-based pump-seed synchronization for
few-cycle OPCPA,” Opt. Express 13(17), 6550-6557 (2005).

S. Klingebiel et al., “Experimental and theoretical investigation of
timing jitter inside a stretcher-compressor setup,” Opt. Express 20(4),
3443-3455 (2012).

S. Hadrich et al., “Improving carrier-envelope phase stability in optical
parametric chirped-pulse amplifiers by control of timing jitter,” Opt.
Lett. 37(23), 49104912 (2012).

AS-Photonics, “SNLO,” http://www.as-photonics.com/ (1 July 2013).
C. Vozzi et al., “High-energy, few-optical-cycle pulses at 1.5 ym with
passive carrier-envelope phase stabilization,” Opt. Express 14(21),
1150-1152 (2006).

G. Cirmi et al., “Carrier-envelope phase stable, few-optical-cycle
pulses tunable from visible to near IR,” J. Opt. Soc. Am. B 25(7),
B62 (2008).

S. Adachi et al., “5-fs, multi-mJ, CEP-locked parametric chirped-pulse
amplifier pumped by a 450-nm source at 1 kHz,” Opt. Express 16(19),
8168-8177 (2008).

J. M. Mikhailova et al., “Ultra-high-contrast few-cycle pulses for
multipetawatt-class laser technology,” Opt. Lett. 36(16), 3145-3147
(2011).

S. Adachi et al., “1.5 mJ, 6.4 fs parametric chirped-pulse amplification
system at 1 kHz,” Opt. Lett. 32(17), 2487-2489 (2007).

J. Rothhardt et al., “High average and peak power few-cycle laser
pulses delivered by fiber pumped OPCPA system,” Opt. Express
18(12), 12719-12726 (2010).

M. Schultze et al., “Few-cycle OPCPA system at 143 kHz with
more than 1 microJ of pulse energy,” Opt. Express 18(3), 2836—
2841 (2010).

S. Huang et al., “High-energy pulse synthesis with sub-cycle wave-
form control for strong-field physics,” Nat. Photonics 5(8), 475—
479 (2011).

J. Rothhardt et al., “Thermal effects in high average power optical
parametric amplifiers,” Opt. Lett. 38(5), 763-765 (2013).

D. N. Nikogosyan, Nonlinear Optical Crystals: A Complete Survey,
Chapter 2, Springer Science+Business Media, Inc., New York (2005).
M. Siebold et al., “A high-average-power diode-pumped Nd:YVO,
regenerative laser amplifier for picosecond-pulses,” Appl. Phys. B
78(3—4), 287-290 (2004).

J. Kleinbauer, R. Knappe, and R. Wallenstein, “13-W picosecond
Nd:YVO, regenerative amplifier with 200-kHz repetition rate,”
Appl. Phys. B 81(2-3), 163-166 (2005).

K.-H. Hong et al., “Generation of 287 W, 5.5 ps pulses at 78 MHz
repetition rate from a cryogenically cooled Yb:YAG amplifier seeded
by a fiber chirped-pulse amplification system,” Opt. Letr. 33(21),
2473-2475 (2008).

A. Pugzlys et al., “Multi-mJ, 200-fs, cw-pumped, cryogenically
cooled, Yb,Na:CaF, amplifier,” Opt. Lett. 34(13), 2075-2077
(2009).

T. Metzger et al., “High-repetition-rate picosecond pump laser based
on a Yb:YAG disk amplifier for optical parametric amplification,”
Opt. Lett. 34(14), 2123-2125 (2009).

J. Timmler et al., “High-repetition-rate chirped-pulse-amplification
thin-disk laser system with joule-level pulse energy,” Opt. Lett. 34(9),
1378-1380 (2009).

D. C. Brown et al., “High sustained average power cw and ultrafast
Yb:YAG near-diffraction-limited cryogenic solid-state laser,” Opt.
Express 18(24), 24770-24792 (2010).

May 2014 « Vol. 53(5)


http://dx.doi.org/10.1109/JSTQE.2006.871962
http://dx.doi.org/10.1109/JSTQE.2006.871962
http://dx.doi.org/10.1109/JSTQE.2011.2118370
http://dx.doi.org/10.1063/1.1523642
http://dx.doi.org/10.1007/s00340-007-2640-8
http://dx.doi.org/10.1016/S0030-4018(97)00399-4
http://dx.doi.org/10.1364/OL.31.003665
http://dx.doi.org/10.1364/JOSAB.19.002945
http://dx.doi.org/10.1017/S0263034605050159
http://dx.doi.org/10.1017/S0263034613000189
http://dx.doi.org/10.1017/S0263034613000189
http://dx.doi.org/10.1364/OL.20.001562
http://dx.doi.org/10.1109/2944.686727
http://dx.doi.org/10.1364/OL.23.000630
http://dx.doi.org/10.1364/OL.23.001283
http://dx.doi.org/10.1364/OL.22.001494
http://dx.doi.org/10.1007/s003400000351
http://dx.doi.org/10.1364/OL.23.001292
http://dx.doi.org/10.1007/s003400000325
http://dx.doi.org/10.1364/OL.27.000306
http://dx.doi.org/10.1364/OE.14.012822
http://dx.doi.org/10.1364/OE.18.018752
http://dx.doi.org/10.1364/OE.20.003076
http://dx.doi.org/10.1364/OL.36.000313
http://dx.doi.org/10.1364/OL.34.001639
http://dx.doi.org/10.1364/OL.23.000100
http://dx.doi.org/10.1103/PhysRevB.53.1749
http://dx.doi.org/10.1063/1.100535
http://dx.doi.org/10.1364/JOSAB.6.000616
http://dx.doi.org/10.1364/JOSAB.6.000616
http://dx.doi.org/10.1364/OE.18.027291
http://dx.doi.org/10.1364/OE.17.000062
http://dx.doi.org/10.1063/1.1148795
http://dx.doi.org/10.1364/OL.26.000373
http://dx.doi.org/10.1364/OE.19.015538
http://dx.doi.org/10.1364/OE.17.003587
http://dx.doi.org/10.1364/OE.18.001191
http://dx.doi.org/10.1364/OL.36.002456
http://dx.doi.org/10.1364/OE.16.005746
http://dx.doi.org/10.1364/OE.14.009277
http://dx.doi.org/10.1364/OL.32.002227
http://dx.doi.org/10.1364/OE.18.027900
http://dx.doi.org/10.1364/OE.14.008168
http://dx.doi.org/10.1364/OPEX.13.006550
http://dx.doi.org/10.1364/OE.20.003443
http://dx.doi.org/10.1364/OL.36.000313
http://dx.doi.org/10.1364/OL.36.000313
http://www.as-photonics.com/
http://www.as-photonics.com/
http://www.as-photonics.com/
http://dx.doi.org/10.1364/OE.14.010109
http://dx.doi.org/10.1364/JOSAB.25.000B62
http://dx.doi.org/10.1364/OE.16.014341
http://dx.doi.org/10.1364/OL.36.003145
http://dx.doi.org/10.1364/OL.32.002487
http://dx.doi.org/10.1364/OE.18.012719
http://dx.doi.org/10.1364/OE.18.002836
http://dx.doi.org/10.1038/nphoton.2011.140
http://dx.doi.org/10.1364/OL.38.000763
http://dx.doi.org/10.1007/s00340-003-1372-7
http://dx.doi.org/10.1007/s00340-005-1903-5
http://dx.doi.org/10.1364/OL.33.002473
http://dx.doi.org/10.1364/OL.34.002075
http://dx.doi.org/10.1364/OL.34.002123
http://dx.doi.org/10.1364/OL.34.001378
http://dx.doi.org/10.1364/OE.18.024770
http://dx.doi.org/10.1364/OE.18.024770

82.

83.
84.
85.

86.
87.
88.

89.
90.

91.

92.

93.

94.

95.

96.

97.
98.

99.

100.

101.

102.

Optical Engineering

Vaupel et al.: Concepts, performance review, and prospects of table-top, few-cycle optical parametric. ..

K.-H. Hong et al., “High-energy, kHz-repetition-rate, ps cryogenic
Yb:YAG chirped-pulse amplifier,” Opt. Lett. 35(11), 1752-1754
(2010).

J. Fu et al., “Picosecond laser system with 30-W average power via
cavity dumping and amplifying,” Laser Phys. 21(6), 1042-1046 (2011).
P. Russbueldt et al., “Compact diode-pumped 1.1 kW Yb:YAG Innoslab
femtosecond amplifier,” Opt. Lett. 35(24), 4169—4171 (2010).

H. Kalaycioglu et al., “Microjoule-energy, 1 MHz repetition rate
pulses from all-fiber-integrated nonlinear chirped-pulse amplifier,”
Opt. Lett. 35(7), 959-961 (2010).

T. Eidam et al., “Femtosecond fiber CPA system emitting 830 W aver-
age output power,” Opt. Lett. 35(2), 94-96 (2010).

A. H. Curtis et al., “Demonstration of a compact 100 Hz, 0.1 J, diode-
pumped picosecond laser,” Opt. Lett. 36(11), 2164-2166 (2011).

D. A. Rand et al., “Picosecond pulses from a cryogenically cooled,
composite amplifier using Yb:YAG and Yb:GSAG,” Opt. Lett. 36(3),
340-342 (2011).

D. N. Papadopoulos et al., “Broadband high-energy diode-pumped
Yb:KYW multipass amplifier,” Opt. Lett. 36(19), 3816-3818 (2011).
M. Suzuki et al., “Hundred mJ, sub-picoseconds, high temporal con-
trast OPCPA/Yb:YAG ceramic thin disk hybrid laser system,” Appl.
Phys. B 105(2), 181-184 (2011).

H. Lin et al., “High-power picosecond regenerative amplifier based on
CW diode side-pumped Nd:YAG with high beam quality,” Chinese
Opt. Lett. 9(8), 081404 (2011).

S. Klingebiel et al., “High energy picosecond Yb:YAG CPA system
at 10 Hz repetition rate for pumping optical parametric amplifiers,”
Opt. Express 19(6), 5357-5363 (2011).

M. Hemmer et al., “OPCPA pump laser based on a regenerative ampli-
fier with volume Bragg grating spectral filtering,” Appl. Phys. B
106(3), 599-603 (2012).

K. Michailovas, V. Smilgevicius, and A. Michailovas, “Kilohertz rate
picosecond pulses amplifier for pumping of OPCPA system,” in
Lasers, Sources, and Related Photonic Devices, Paper AW4A3,
Optical Society of America (2012).

C. Heese et al., “High-energy picosecond Nd: YVOy, slab amplifier for
OPCPA pumping,” Appl. Phys. B 103(1), 5-8 (2011).

A. Klenke et al., “Coherently-combined two channel femtosecond
fiber CPA system producing 3 mJ pulse energy,” Opt. Express 19(24),
24280-24285 (2011).

T. Eidam et al., “Fiber chirped-pulse amplification system emitting
3.8 GW peak power,” Opt. Express 19(1), 255-260 (2011).

D. E. Miller et al., “Sub-picosecond pulses at 100 W average power
from a Yb:YLF chirped-pulse amplification system,” Opt. Lett. 37(13),
2700-2702 (2012).

B. A. Reagan et al., “Demonstration of a 100 Hz repetition rate gain-
saturated diode-pumped table-top soft x-ray laser,” Opt. Lett. 37(17),
3624-3626 (2012).

G. H. Kim et al., “High average-power ultrafast CPA Yb:KYW laser
system with dual-slab amplifier,” Opt. Express 20(4), 3434-3442
(2012).

L. Daniault et al., “High peak-power stretcher-free femtosecond fiber
amplifier using passive spatio-temporal coherent combining,” Opt.
Express 20(19), 21627-21634 (2012).

J. Adamonis et al., “High-energy Nd:YAG-amplification system for
OPCPA pumping,” Quantum Electron. 42(7), 567-574 (2012).

051507-12

103. M. Liihrmann et al., “High energy cw-diode pumped Nd: YVO, regen-
erative amplifier with efficient second harmonic generation,” Opt.
Express 17(25), 2276122766 (2009).

104. M. Schulz et al., “Pulsed operation of a high average power Yb:YAG
thin-disk multipass amplifier,” Opt. Express 20(5), 5038-5043 (2012).

Andreas Vaupel received the degrees diploma-physicist in 2008 from
the Philipps University Marburg, Germany, and MS (optics) from the
University of Central Florida in 2009. Currently, he is a graduate
research assistant in CREOL at the University of Central Florida
and expected to receive a PhD (optics) in 2013. He developed
OPCPA and picosecond laser systems. As a visiting student at the
University Bordeaux 1, France, he worked on high-power OPCPA
systems and fiber-based lasers.

Nathan Bodnar received a BS degree (electrical engineering) and a
MS degree (optics) from the University of Central Florida in 2010 and
2013, respectively. He is currently working as a graduate research
assistant on his PhD degree in electrical engineering at the
University of Central Florida. His research topics include novel meth-
ods in ultrafast laser development and EUV target control systems.
He has extensive experience with the CEP stabilization of few-
cycle OPCPA systems.

Benjamin Webb received a BS degree (electrical engineering) from
Lamar University in 2009 and a MS degree (optics) from the University
of Central Florida in 2011. He is currently a graduate research assis-
tant in CREOL at the University of Central Florida. In 2013, he was
awarded a graduate research excellence fellowship from the
University of Central Florida. He works in the development of high-
power ultrafast lasers using optical parametric chirped pulse amplifi-
cation (OPCPA).

Lawrence Shah received his MS and PhD degrees (optical physics)
from the University of Central Florida in 1999 and 2001, respectively.
He has over 10 years experience in solid-state and fiber lasers, has
been awarded seven patents and has authored many peer-reviewed
publications. He leads the laser development efforts within LPL on
Tm:fiber lasers, and Yb:thin-disk lasers. He also advises on the devel-
opment of OPCPA lasers for the generation of high-intensity quasi-
single-cycle optical pulses.

Martin Richardson graduated from Imperial College, London, (phys-
ics) and received a PhD (photon physics) from London University.
Thereafter, he worked at the National Research Council Laboratories
in Ottawa and joined the University of Rochester in 1980. In 1990, he
established the LPL in CREOL at the University of Central Florida. He
has held visiting scientific positions, published over 400 scientific
articles in professional scientific journals, and presented numerous
invited and plenary talks.

May 2014 « Vol. 53(5)


http://dx.doi.org/10.1364/OL.35.001752
http://dx.doi.org/10.1134/S1054660X11110090
http://dx.doi.org/10.1364/OL.35.004169
http://dx.doi.org/10.1364/OL.35.000959
http://dx.doi.org/10.1364/OL.35.000094
http://dx.doi.org/10.1364/OL.36.002164
http://dx.doi.org/10.1364/OL.36.000340
http://dx.doi.org/10.1364/OL.36.003816
http://dx.doi.org/10.1007/s00340-011-4752-4
http://dx.doi.org/10.1007/s00340-011-4752-4
http://dx.doi.org/10.1364/OE.19.005357
http://dx.doi.org/10.1007/s00340-011-4843-2
http://dx.doi.org/10.1007/s00340-011-4509-0
http://dx.doi.org/10.1364/OE.19.024280
http://dx.doi.org/10.1364/OE.19.000255
http://dx.doi.org/10.1364/OL.37.002700
http://dx.doi.org/10.1364/OL.37.003624
http://dx.doi.org/10.1364/OE.20.003434
http://dx.doi.org/10.1364/OE.20.021627
http://dx.doi.org/10.1364/OE.20.021627
http://dx.doi.org/10.1070/QE2012v042n07ABEH014689
http://dx.doi.org/10.1364/OE.17.022761
http://dx.doi.org/10.1364/OE.17.022761
http://dx.doi.org/10.1364/OE.20.005038

