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Table-top optical parametric chirped pulse
amplifiers: past and present
Audrius Dubietis†* and Aidas Matijošius†

The generation of power- and wavelength-scalable few optical cycle pulses remains one of the major challenges in mod-
ern  laser  physics.  Over  the  past  decade,  the  development  of  table-top  optical  parametric  chirped  pulse  amplification-
based  systems  was  progressing  at  amazing  speed,  demonstrating  excellent  performance  characteristics  in  terms  of
pulse duration, energy, peak power and repetition rate, which place them at the front line of modern ultrafast laser tech-
nology. At present, table-top optical parametric chirped pulse amplifiers comprise a unique class of ultrafast light sources,
which  currently  amplify  octave-spanning  spectra  and  produce  carrier-envelope  phase-stable,  few  optical  cycle  pulses
with  multi-gigawatt  to  multi-terawatt  peak  powers  and multi-watt  average powers,  with  carrier  wavelengths  spanning  a
considerable range of the optical spectrum. This article gives an overview on the state of the art of table-top optical para-
metric chirped pulse amplifiers, addressing their relevant scientific and technological aspects, and provides a short out-
look of practical applications in the growing field of ultrafast science.
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 Introduction
A tremendous progress in ultrafast solid-state laser tech-
nology  was  inspired  by  the  invention  of  chirped  pulse
amplification  (CPA)  technique  by  D.  Strickland  and  G.
Mourou in 19851, facilitating rapid development of laser-
related  experimental  sciences  and  opening  new  areas  of
physics,  technology and multidisciplinary research2,  and
whose significance was certified by the award of the No-
bel Prize  in  Physics  in  2018.  The  idea  of  the  CPA tech-
nique is to boost the energy of an ultrashort pulse, while
avoiding  very  high  fluence  and  intensity  in  the  laser
amplifier,  which  incurs  detrimental  nonlinear  effects,
such  as  self-focusing  and  self-phase-modulation  (accu-
mulation of the nonlinear phase) that distort spatial and
temporal characteristics of the laser pulse and eventually

lead to optical damage of the amplifying medium, optic-
al elements  and  coatings.  This  is  accomplished  by  tem-
poral stretching (chirping) the short input pulse without
the loss of its spectral content in an optical setup that in-
troduces  certain  group  delay  dispersion.  Then  the  long
chirped pulse is amplified in a laser amplifier, and there-
after  recompressed  to  its  original  duration  in  a  setup
which introduces  exactly  opposite  group  delay  disper-
sion,  thus producing an ultrashort  pulse  with high peak
power at the output. At present, the CPA technique con-
stitutes the  standard  conceptual  basis  of  modern  ultra-
fast  solid-state  lasers  and  laser  systems,  making  high
peak-power ultrashort pulses routinely available.

Introduction  of  the  optical  parametric  chirped  pulse
amplification  (OPCPA)  concept,  in  which  the  laser 
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amplifier was replaced by the optical parametric amplifi-
er3,  paved a  new avenue in  the  development  of  ultrafast
all  solid-state  laser  sources.  OPCPA favorably  combines
the  advantages  of  CPA  with  the  advantages  of  optical
parametric  amplification,  which  offers  very  high  gain,
low thermal  effects,  great  wavelength  flexibility  and  in-
trinsically  broad  amplification  bandwidth,  extending
well  beyond  that  afforded  by  existing  solid-state  laser
amplifiers. Over the past two decades, the OPCPA incor-
porated  the  advanced  techniques  of  ultrafast  optical
parametric  amplification4−6, becoming  a  mature  and  ro-
bust  amplification  technology  that  is  applied  to  a  very
broad class  of  ultrafast  light  sources  ranging from com-
pact table-top7−12 to facility-size systems13. Table-top OP-
CPA systems represent a unique class of robust high en-
ergy and high peak power ultrafast light sources, provid-
ing optical pulses as short as few-optical cycles, with car-
rier wavelengths spanning a considerable part of the op-
tical spectrum. In particular, significant efforts were ded-
icated to develop few optical cycle OPCPA systems oper-
ating in the mid-infrared spectral region, which is hardly
accessible  with  currently  existing  ultrafast  solid-state
lasers and laser amplifiers, or by any other means, see e.g.
ref.14.  At  present  OPCPA  is  deservedly  regarded  as  a
corner stone  of  the  emerging  third-generation  femto-
second technology, which foresees generation of few op-
tical  cycle  pulses  with high (terawatt-scale)  peak powers
and high (kilowatt-scale) average powers achieved simul-
taneously, alongside full control over the generated light
waves within very broad spectral range15.

This  review  article  gives  a  short  historical  retrospect
and provides a comprehensive account on the state of the
art  of  table-top  OPCPA  systems,  addressing  their  basic
components, design concepts, key features and perform-
ance  in  the  near-infrared  (NIR,  around  0.8  μm),  short-
wave  infrared  (SWIR,  in  the  1.5–3  μm range)  and  mid-
infrared (MIR, beyond 3 μm) spectral regions. The clos-
ing  sections  are  dedicated  to  highlight  some  interesting
developments of  OPCPA,  especially  regarding  the  ap-
plication  of  OPCPA  technique  to  all-fiber  systems,  and
to present a condensed overview of OPCPA applications
in  ultrafast  laser-matter  interactions,  extreme  nonlinear
optics and high field physics.

 OPCPA from time perspective
A  possibility  to  amplify  phase-modulated  (chirped)
pulses in  the  optical  parametric  amplifier  was  first  con-

sidered in  the  mid-80 ‘s.  These  early  theoretical  and  ex-
perimental works were summarized in a review article16,
outlining several relevant findings concerning important
aspects  of  optical  parametric  amplification,  which  are
widely  exploited  in  modern  ultrafast  optical  parametric
amplifiers  and  OPCPA  systems,  in  particular.  Firstly,  it
was  found  that  the  optical  parametric  amplifier  may
provide very broad gain (or phase-matching) bandwidth,
extending well beyond the bandwidths required to amp-
lify picosecond pulses,  which were routinely available at
that time. Secondly, it was demonstrated that the optical
parametric  amplifier  is  able  to  amplify  chirped  signal
pulses  without  distortions  of  their  phase  characteristics.
This finding in fact  seeded the idea of  OPCPA. Thirdly,
due  to  phase  conjugation  between  the  signal  and  idler
waves, amplification of chirped signal pulse results in the
chirp reversal of the idler pulse, which is a by-product of
the  optical  parametric  amplification  process.  This  last
feature is currently used in modern-day OPCPA systems
for chirp manipulation, allowing to greatly simplify pulse
stretching and compression apparatus.

The first  experimental  demonstration of  optical  para-
metric chirped pulse amplification dates back to 19923. A
broadband seed was produced by spectral broadening of
1.7  ps,  1055  nm  pulse  from  passively  mode-locked
Nd:glass  oscillator  in  a  single-mode  fiber,  which  at  the
same time played the role of pulse stretcher due to fiber
dispersion.  The  chirped  seed  pulse  was  amplified  in  a
single-pass  degenerate  beta-barium  borate  crystal-based
optical parametric amplifier, which was pumped by 8-ps
second harmonic pulse from Nd:glass regenerative amp-
lifier,  see Fig. 1. The  amplified  chirped  pulse  was  com-
pressed to  a  transform  limit  in  a  grating-pair  com-
pressor, yielding 70 fs pulse with energy of 65 μJ, corres-
ponding to  a  peak  power  of  0.9  GW  at  the  output.  Al-
though this result looks very modest from the viewpoint
of present state of the art, the authors foresaw a great po-
tential  of  this  technique  for  delivery  of  femtosecond
pulses  with  terawatt  (TW)  peak  powers  by  the  use  of
large  pulse  stretching/compression  factors  employing
nanosecond  Q-switched  lasers  as  energetic  pump
sources. Indeed, in the following years this idea was fur-
ther theoretically elaborated by Ross and coworkers, who
suggested  several  practical  designs  of  optical  parametric
chirped pulse  amplifiers  for  potentially  delivering  ul-
trashort light pulses with petawatt (PW)17 or even multi-
petawatt18 peak powers  and  coined  the  generally  accep-
ted acronym “OPCPA”.
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Since the beginning of current millennium, the experi-
mental realizations of OPCPA were primarily focused on
amplification of  femtosecond  pulses  in  the  spectral  re-
gion around 0.8 μm that is particularly important regard-
ing  the  development  of  large-scale  petawatt-class  laser
systems.  To  this  end,  the  first  experimental  OPCPA
setups produced pulses with TW19 and multi-TW20 peak
powers  and  compressed  pulsewidths  of  a  few  hundreds
of  femtoseconds.  Since  then,  the  power  of  the  output
pulses has increased tremendously: from a few hundreds
of TW in 200621, to sub-PW in 200722, PW in 201523 and
multi-PW  in  201724,  placing  these  OPCPA  systems
alongside  the  most  powerful  petawatt-class  Ti:sapphire
and Nd:glass  CPA laser  systems.  New developments  are

underway, e.g.  a petawatt facility fully based on OPCPA
concept,  Vulcan  OPPEL,  an  all-OPCPA  auxiliary  PW
beamline project,  which  will  be  coupled  with  the  exist-
ing  hybrid-CPA/OPCPA  VULCAN  laser  system  based
on Nd:glass amplifiers25.

In the early stage of these developments, smaller-scale
OPCPA systems were deemed as attractive alternatives to
existing  Ti:sapphire  laser  amplifiers,  serving  as  front-
ends  for  high  power  OPCPA  systems26.  Shortly  after,
amplification of very short pulses with stable carrier en-
velope  phase  (CEP),  i.e.  fixed  phase  offset  between  the
carrier  and  the  envelope  of  the  pulse,  was
demonstrated27,28,  prompting  the  inception  of  compact,
stand-alone OPCPA systems.
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Fig. 1 | The first OPCPA. (a) Experimental setup. (b) Amplified spectrum. (c) Autocorrelation function of compressed pulse. Image at the bottom

shows one of the authors (AD) aligning picosecond Nd:glass laser, which was used for driving the OPCPA experiment. Figure reproduced with

permission from: (a–c) ref.3, Elsevier.
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 Building blocks of table-top OPCPA

 Front-end
The generation of few optical cycle pulses demands pro-
duction  of  ultrabroadband,  octave-spanning  spectra.
These are readily provided by ultrafast Ti:sapphire oscil-
lators29,30,  which  are  ideally  suited  for  direct  seeding  of
NIR OPCPA. However, other well-developed laser oscil-
lators, such as Yb:KGW, Yb-fiber, Er-fiber, etc., produce
relatively  long,  ~100  fs  and  even  sub-ps  (Yb:YAG)
pulses, hence the generation of broadband seed requires
additional  spectral  broadening  of  the  pulse  involving
nonlinear  effects.  Supercontinuum  generation  in
photonic  crystal  fibers31 suggests the  most  straightfor-
ward  route  in  achieving  this  goal,  however,  imposing
limitations on the pulse energy and temporal coherence.
Supercontinuum  generation  in  bulk  solid-state
materials32 as  well  as  spectral  broadening  in  noble-gas-
filled  hollow  core  fibers33,  produces  fully  compressible
ultrabroadband pulses with much higher spectral energy
density,  however,  both  approaches  require  oscillator
pulses to be pre-amplified to achieve sufficient pulse en-
ergy  to  induce  nonlinear  effects.  Supplementary  optical
parametric  amplifiers  (OPA)  and  difference  frequency
generation (DFG)  between  either  frequency-shifted  os-
cillator outputs  or  spectral  components  of  the  ul-
trabroadband  oscillator  pulse  itself  (the  so-called  intra-
pulse DFG) are employed to produce broadband seed at
a  desired  wavelength,  especially  concerning  SWIR  and
MIR spectral  regions,  where direct  generation of  broad-
band  pulses  is  difficult  due  to  scarcity  of  suitable  laser
sources.  Moreover,  DFG  using  pump  pulses  originating
from  the  same  laser  source  produces  broadband  seed
with intrinsically stable CEP34, which is an important re-
quisite of  few  optical  cycle  pulses.  Eventually,  high  en-
ergy  seed  pulses  are  produced  by  more  complex  front-
ends that use a combination of the above techniques.

 Pump lasers
The repetition rate of the pump laser is of particular im-
portance, since it sets the repetition rate of the entire OP-
CPA system.  As  high-energy  pump  lasers  usually  oper-
ate  in  sub-ps  to  100s-ps  and  even  ns  regime,  the  pump
pulse duration defines stretching factor of the seed pulse,
and hence  the  dispersion  management  and  overall  ar-
rangement  of  pulse  stretching  and  compression  setup.
Differently  from  CPA,  where  pulse  stretching  in  time
(chirping)  is  performed in  order  to  reduce  the  intensity

in the amplifier,  in the case of OPCPA in addition it  al-
lows  matching  duration  of  the  chirped  seed  and  pump
pulses. ns and 100s-ps pump pulses enable amplification
to very high energies and are used to pump TW-class ta-
ble-top OPCPA  systems,  while  millijoule  OPCPA  out-
puts can be achieved with 1–10 ps pump pulses. Short (a
few ps) pump pulses offer inherently high temporal con-
trast  to  amplified  compressed  pulses,  since  the  optical
parametric  amplification  process  provides  gain  only
within the time window of the pump pulse. On the other
hand, such a short  pulse configuration is  more sensitive
to  the  synchronization  accuracy  of  the  seed  and  pump
pulses. A number of pump lasers were developed for OP-
CPA pumping, employing amplifiers based on Nd-doped
laser  crystals:  Nd:YAG35−37,  Nd:YLF38,  Nd:YVO439,40, hy-
brid  setups  that  use  Nd:YVO4 and  Nd:YAG
amplifiers41,42,  and  even  a  combination  of  Yb  and  Nd
amplifying media43,44. The diode-pumped solid state laser
(DPSSL)  technology,  which  replaced  flashlamps  with
laser diode modules,  made these pump lasers more effi-
cient, compact  and  capable  of  operating  at  kHz  repeti-
tion rates. The rise of Yb laser technology enabled gener-
ation of high-energy femtosecond and picosecond pulses
at very high repetition rates ranging from 100s of kHz to
a  few  MHz  with  excellent  beam  quality,  beam  pointing
and energy stability, thus making feasible construction of
high  average  power  OPCPA  systems.  To  this  end,
Yb:KGW45,46,  Yb:YAG47,  Yb-fiber48 master  oscillator-
power amplifier systems and high power Yb:YAG ampli-
fiers exploiting bulk49,50,  thin-disc51 and Innoslab config-
urations52,53 were developed  as  integrable  parts  of  OP-
CPA setups. Finally, novel Ho:YAG54 and Ho:YLF55−57 re-
generative  amplifiers  delivering  intense  multi-millijoule
picosecond  pulses  at  kHz  repetition  rates  with  center
wavelengths  around  2  μm  were  developed  for  pumping
ultrafast  OPA  and  OPCPA  systems  operating  at
wavelengths beyond 4 μm.

 Nonlinear crystals
The  heart  of  OPCPA  system  is  the  optical  parametric
amplifier, which is based on nonlinear crystals with suit-
able optical properties. Borate crystals: beta-barium bor-
ate (BaB2O4, BBO), lithium triborate (LiB3O5, LBO), bis-
muth  triborate  (BiB3O6,  BIBO)  and  recently  introduced
yttrium calcium oxyborate (YCa4O(BO3)3,  YCOB) serve
as  indispensable  amplifying  media  featuring  ultrabroad
phase-matching  bandwidths  in  the  NIR  as  pumped  by
second  harmonics  of  Ti:sapphire,  Nd  and  Yb  lasers58−60,
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as  well  as  in  the  SWIR  under  fundamental  harmonic
pumping of  these  lasers.  Oxide  crystals:  potassium  ti-
tanyl  arsenate  (KTiOAsO4,  KTA),  potassium  titanyl
phosphate  (KTiOPO4,  KTP),  potassium  niobate
(KNbO3),  lithium  niobate  (LiNbO3,  LN)  as  well  as  its
periodically poled version (PPLN) and periodically poled
stoichiometric  lithium  tantalate  (LiTaO3,  PPSLT)
provide  sufficient  phase  matching  bandwidths  under
fundamental harmonic pumping that support amplifica-
tion  of  few  optical  cycle  pulses  in  the  1.5–4  μm
wavelength  range61.  Non-oxide  semiconductor  crystals,
such  as  gallium  selenide  (GaSe),  silver  gallium  selenide
(AgGaSe2, AGSe),  and especially  zinc  germanium phos-
phide (ZnGeP2, ZGP) show excellent performance in the
MIR with ~2 μm pumping from Ho lasers62,63. Novel lan-
gasite oxide crystals, e.g. LGN (La3Ga5.5Nb0.5O14), exhib-
it  extended  transparency  range,  high  damage  threshold,
superior phase-matching  characteristics  and  large  aper-
ture  size,  having  potential  for  building  TW-class  MIR
OPCPA systems64,  while a large family of novel non-ox-
ide  Li-based  materials,  such  as  lithium thiogallate  (LiG-
aS2,  LGS), emerge as promising materials for OPCPA in

the long-wave infrared (LWIR) region65.

 OPCPA throughout the optical spectrum
Figure 2 illustrates the current state of the art of table-top
OPCPA systems in terms of output pulsewidth and cent-
ral wavelength.  For the sake of  straightforward compar-
ison of pulsewidths at various spectral regions, the pulse
duration is  expressed in multiple  of  optical  cycles, τoc =
λ0/c, where λ0 is the central (carrier) wavelength and c is
the speed of light in a vacuum. The color coding that in-
dicates the  usage  of  nonlinear  crystals  is  instructive  re-
garding  wavelength  range  of  their  performance  in
providing phase-matching bandwidths that support gen-
eration of few optical cycle pulses under real experiment-
al  settings.  Finally,  pulse  post-compression  techniques
based on spectral  broadening in either gaseous or solid-
state materials, are employed to further reduce the dura-
tion of amplified pulses. In particular, post-compression
schemes are very efficient in the MIR, where direct pro-
duction  of  pulses  shorter  than  4  optical  cycles  is  still  a
very  challenging  task  due  to  limited  phase-matching
bandwidths of available nonlinear crystals.  Moreover, in
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this spectral range both spectral broadening and tempor-
al  compression  could  be  accomplished  within  a  single
piece  of  solid-state  material  due  to  favorable  interplay
between self-phase modulation and anomalous group ve-
locity  dispersion,  offering  the  advantages  of  technical
simplicity and high energy throughput of post-compres-
sion setup.

Table-top OPCPA systems comprise robust technolo-
gical solutions  for  pump-seed  synchronization  and  ex-
ploit a  variety of  pulse stretching and compression con-
figurations,  from  lossy  and  complicated  “traditional ”
grating-pair-based setups  to  simple,  compact  and  effi-
cient schemes based on bulk materials, made possible via
dispersion  management  and  adaptive  control  of  pulse
chirp by the use of  acousto-optic  programmable disper-
sion filters (AOPDF) and spatial light modulators (SLM).
Eventually, performance of the optical parametric ampli-
fication stages is improved by engineering of phase-mis-
match, pulse and beam profiles, etc. Although every par-
ticular OPCPA  system  is  specific  in  its  technical  imple-
mentation  and  performance,  there  are  general  design
concepts (seed production techniques, pump lasers, non-
linear crystals, amplification geometries, pulse stretching
and  compression  setups,  etc.),  which  share  common
principles  for  the  OPCPA  systems  operating  within  a
certain spectral  region.  In  that  regard,  the  OPCPA  sys-
tems are divided into the following groups: NIR (around
0.8 μm) OPCPA, SWIR (1.5–3 μm) OPCPA, with a dis-
tinct group of OPCPA at around 1.5 μm, MIR OPCPA in
the 3–4 μm range and MIR OPCPA beyond 4 μm.

 OPCPA in the near infrared
The well-established  architecture  of  NIR  OPCPA  sys-
tems  operating  around 800  nm relies  on  a  combination
of  ultrafast  Ti:sapphire  oscillators  serving  as  front-ends
and  either  Nd-  or  Yb-doped  laser  amplifiers  delivering
energetic  pump pulses  via  second harmonic  generation.
Optical  parametric  amplification  is  performed  in  non-
collinear  geometry,  setting  a  certain  crossing  angle
between  the  seed  and  pump  beams  that  ensures  the
broadest  phase  matching  bandwidth;  a  configuration
that  is  often  termed  non-collinear  OPCPA  (NOPCPA).
BBO  crystal  serves  as  indispensable  and  hence  most
widely-used  amplifying  medium  in  the  NIR,  providing
an  octave-spanning  phase-matching  bandwidth,  which
favorably matches the spectral bandwidth of the seed.

The early  table-top  NIR  OPCPA  systems  were  de-
signed  on  the  basis  of  Ti:sapphire  oscillators  optically

and/or electronically synchronized with high energy, low
repetition  rate  (10–30  Hz)  flashlamp-pumped  Nd:YAG
amplifiers. These NIR OPCPA systems produced few op-
tical cycle pulses with sub-10 fs durations and multi-mil-
lijoule66−71 to  hundreds-of-millijoule72−75 energies  that
correspond to  terawatt  and multi-terawatt  peak  powers,
respectively. Out  of  these,  the  OPCPA  system  that  pro-
duced 130 mJ, 7.7 fs pulses holds a still unbeaten record
peak power  of  16.7  TW among TW-class  table-top OP-
CPA systems75. More recently, a number of TW-class ta-
ble-top  OPCPA  systems  were  demonstrated  employing
non-collinear  broadband  amplification  in  K3B6O10Br
(KBOB)76,  YCOB77 and LBO78;  the latter OPCPA system
employed low repetition rate (10 Hz) Yb:YAG amplifier
and produced 6.9 fs, 42 mJ pulses with a peak power of 5
TW.

In the pursuit of attaining high peak and high average
power simultaneously,  CEP-stable,  5.5 fs pulses with 2.7
mJ  energy  at  1  kHz  repetition  rate  were  first  reported
from  OPCPA  system  based  on  sole  Ti:sapphire  laser
technology,  using  second  harmonic  pump  pulses  from
Ti:sapphire  amplifier  chain  operating  in  the  picosecond
regime79,80.  An  extra  spectral  broadening  of  the  output
pulses was performed by self-phase modulation in a thin
argon  jet,  and  post-compression  to  below  1.5  optical
cycles (3.8  fs)  was achieved in a  combined chirped mir-
ror  and  wedge  pair  compressor81. More  recent  develop-
ments  of  kHz  table-top  TW-class  OPCPA  systems
strongly benefited from the advent of diode-pumped Nd-
and Yb-doped laser amplifiers. To this end, 11.3 mJ, 12.1
fs pulses at 1 kHz repetition rate with an average power
of 11.3 W were reported from Yb:YAG thin-disk regen-
erative amplifier-pumped BBO and LBO OPCPA system,
which was designed as a front end at ELI-beamline facil-
ity82,83. More  recently,  the  system  was  upgraded  to  pro-
duce 15 fs, 30 mJ pulses at central wavelength of 820 nm
with  30  W  average  power84.  Another  Yb:YAG  thin-disk
amplifier-pumped OPCPA  system  based  on  BBO  de-
livered high  intensity  contrast  7.2  fs  pulses  with  an  en-
ergy of  more than 1.8 mJ at  6 kHz repetition rate;  these
parameters correspond to a peak power of 160 GW and
an average output power exceeding 10.8 W85.

A  conceptually  different  front-end  consisting  of
femtosecond Yb:KGW  master  oscillator-power  amplifi-
er-driven broadband OPA86,87 was implemented with di-
ode-pumped Nd:YAG amplifiers running at 1 kHz repe-
tition  rate,  allowing  straightforward  optical  pump-seed
synchronization,  see Fig. 3.  Such  OPCPA  system
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produced  CEP-stable  8.8  fs,  5.5  TW  pulses  at  a  center
wavelength of 880 nm with > 53 W average power88, rep-
resenting  the  highest  figure  among  CEP-stabilized,
multi-TW,  few  optical  cycle  OPCPA  systems  to  date.
That OPCPA system served as a prototype of the multi-
TW SYLOS laser installed in 2019 at ELI-ALPS facility in

Szeged (Hungary),  which is dedicated to the generation,
research  and  application  of  attosecond  light  pulses89.
More  recently,  a  similar  Yb:KGW laser-based  front-end
was combined with Yb:YAG thin-disk amplifiers, produ-
cing  CEP-stable  8.3  fs,  4.4  TW  pulses  at  a  center  wave-
length  of  810  nm  and  100  Hz  repetition  rate90. Figure 4
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summarizes  the  performance  of  multi-millijoule  >100-
GW  and  TW-class  OPCPA  systems  operating  in  the
NIR, which is compared to performances of OPCPA sys-
tems  in  the  SWIR  and  MIR,  which  will  be  discussed  in
more detail in the following sections of the paper.

An  interesting,  wavelength-tunable  (in  the  680–960
nm  range)  OPCPA  system  producing  30–100  fs  pulses
with sub-mJ  energies  at  1  kHz  repetition  rate  was  de-
veloped using DPSS Nd:YVO4 regenerative amplifier as a
pump  source.  The  system  employed  a  complex  front-
end,  where  pulses  from  picosecond  Yb:fiber  laser  were
spectrally  broadened  in  optical  fiber,  parametrically
amplified, compressed to femtosecond duration and then
used to  generate  supercontinuum  signal  which  there-
after  was  amplified  in  a  femtosecond  broadband  non-
collinear OPA91.

The inception of high repetition rate NIR OPCPA sys-
tems  relied  upon  replacement  of  low  repetition  pump
lasers by high repetition rate pump sources based on Yb-
fiber  CPA  systems92−96,  eventually  demonstrating  the  1
MHz  OPCPA  that  produced  CEP-stable  pulses  as  short
as  1.7  optical  cycles  (5.0  fs)  with  22  W average  power97.

Substitution  of  Yb-fiber  lasers  by  Yb-doped  thin-disc
amplifiers  allowed  to  achieve  excellent  performance
characteristics  at  repetition  rates  up  to  500  kHz  in  very
compact  setups98,99.  Application  of  two-color  (second
and  third  harmonics)  pumping  concept  to  sequentially
amplify  the  long-  and  short-wavelength  portions  of  the
seed  in  separate  parametric  amplification  stages100 suc-
ceeded in amplification of  an ultrabroad spectrum from
450  nm  to  1.3  μm,  which  supported  a  Fourier  limited
pulse  duration  of  sub-3  fs,  corresponding  to  a  nearly
single  optical  cycle101.  The  inner  part  of  the  spectrum
centered at 650 nm was compressed down to 4.6 fs with
energy  of  1  μJ  at  200  kHz  repetition  rate.  A  compact
cost-efficient few  optical  cycle  OPCPA  scheme  was  de-
signed on the basis of optically synchronized Ti:sapphire
oscillator and CPA-free, diode-pumped Nd:YVO4 ampli-
fier  operating  at  a  100  kHz  repetition  rate,  providing
seed  and  pump  pulses,  respectively102. Ultra-stable  OP-
CPA systems producing pulse durations as short as ~6 fs
and  energies  of  ~10  μJ  at  200  kHz103,104,  and  sub-6  fs
pulses with more than 50 μJ energy and 15 W of average
power  at  300  kHz  repetition  rate105,106 were  developed
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using  rod-type  and  thin-disc  Yb:YAG  laser  amplifiers,
respectively.  Scaling  of  both,  peak  and  average  powers
was demonstrated  with  100  kHz OPCPA systems  deliv-
ering few optical cycle pulses with >20 GW peak powers
and average powers of 22.5 W107 and 24 W108,109. The out-
put  pulses  from  the  latter  OPCPA  system  were  further
spectrally broadened by nonlinear propagation in a series
of thin quartz plates and subsequently compressed from
7 fs to 3.7 fs (1.5 optical cycles) by a combination of thin
fused silica wedges and chirped mirrors110. Scaling of the
average power was demonstrated with few cycle OPCPA
pumped by Yb:YAG Innoslab burst amplifier with an in-
tra-burst repetition rate of 27.5 kHz111 and more recently,
with  a  three-stage  1.5  kW  Yb:YAG  Innoslab  booster
amplifier operating at 10 Hz repetition rate and deliver-
ing 720–900 nm tunable,  30 fs  pulses  in 100 kHz bursts
with an average power of 112 W112.  The performance of
high average power NIR OPCPA systems is summarized
in Fig. 5,  which combines the data from both,  TW-class
and high repetition rate OPCPA systems.

A  particularly  interesting  development  route  of  high
average  power  OPCPA  systems  is  based  on  sole  Yb-
doped  laser  technology.  These  OPCPA  systems  are
seeded with a broadband signal produced by bulk-gener-
ated  supercontinuum  instead  of  Ti:sapphire  oscillator,
and  their  main  advantage  is  compactness  due  to  simple
synchronization between pump and seed pulses.  To this
end,  sub-20 fs  pulses  with 16.5  W average power at  500
kHz  repetition  rate  were  produced  by  OPCPA  system

that  employed  amplified  femtosecond  Yb-fiber  laser-
generated  supercontinuum  as  a  front-end  and  high-
power  picosecond  Yb:YAG  amplifier113.  A  conceptually
similar  OPCPA  system  was  developed  on  the  basis  of
customized  commercial  Yb  lasers,  delivering  sub-20  fs
pulses with energy of 0.88 mJ at 100 kHz repetition rate
and  constituting  an  average  power  88.6  W114,  which  is
the  highest  average  power  among  NIR  OPCPA  systems
reported so far. Even more simple and compact OPCPA
schemes were  elaborated  on  the  basis  of  a  single  pico-
second Yb laser  source,  but  challenges remain to gener-
ate  stable  and  fully  compressible  supercontinuum  seed
from  picosecond  pulses.  To  this  end,  a  compact,
wavelength-tunable  between  700  and  900  nm  OPCPA
fully based  on  1-ps  Yb:YAG  Innoslab  amplifier  was  de-
signed  to  provide  sub-30  fs  pulses  with  11.4  W  average
power at a 3.25 MHz repetition rate115 (not shown in Fig.
5 to keep convenient aspect ratio of the plot) and several
conceptually  similar  OPCPA  setups  operating  at  low  (1
kHz) repetition rates were demonstrated as well116,117.

 OPCPA in the short-wave infrared
In  contrast  to  NIR  OPCPA,  SWIR  (1.5–3  μm)  OPCPA
systems  use  more  energetically  efficient  pumping
scheme,  since they employ pump pulses  at  fundamental
harmonic of  the  driving  laser.  Broadband  optical  para-
metric amplification  is  performed  around  the  degener-
acy wavelengths (~1.6 μm for Ti:Sapphire, ~2 μm for Nd
and  Yb  laser  pumping)  in  various  nonlinear  crystals:
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BBO, BIBO, YCOB, bulk and periodically poled LN and
PPSLT.  The vast  majority  of  SWIR OPCPA systems are
developed  around  ultrafast  Ti:sapphire  oscillators,  and
the broadband  seed  at  the  required  wavelength  is  pro-
duced by  DFG,  which  also  provides  intrinsic  stabiliza-
tion  of  CEP.  More  complex  front-ends,  especially  those
based on Yb oscillators, involve supplementary OPA, su-
percontinuum generation and DFG.

Diverse  SWIR  OPCPA  systems  that  produce  CEP-
stable  few  optical  cycle  pulses  with  sub-millijoule  to  a
few millijoule  energies  at  kHz  repetition  rates  were  de-
veloped  on  the  basis  of  Ti:sapphire  oscillators  coupled
with  picosecond  Ti:sapphire118,119,  Nd:YLF120−123,
Yb:YAG124−126 and  Nd:YAG127 amplifiers.  The  shortest
pulses to date of 9 fs (1.7 optical cycle) at 1.6 μm118,119 and
11.4 fs (2 optical cycles) at 1.7 μm120 were demonstrated
from  Ti:sapphire-pumped  OPCPA  based  on  BIBO  and
10.5  fs  (1.5  optical  cycle)  at  2.1  μm  from  Yb:YAG-
pumped OPCPA based on MgO:PPLN126 nonlinear crys-
tals. More  recently,  a  high  average  power  OPCPA  sys-
tem at  2.1  μm using  a  commercial  500  W Yb:YAG thin
disk laser  as  a  single  source  for  pump and  seed  genera-
tion  was  reported128.  The  OPCPA  system  employed
BIBO and YCOB crystals, producing 30 fs, 2.7 mJ pulses
at 10 kHz repetition rate, setting a record average output
power of 27 W in this particular wavelength interval.

Several interesting  amplification  concepts  were  pro-
posed to  simplify  the  OPCPA  design  and  improve  per-
formance  characteristics,  especially  for  what  concerns
scaling of  the peak power.  In that  regard,  the amplifica-
tion  in  frequency  domain  rather  than  in  time  domain,
termed frequency  domain  optical  parametric  amplifica-
tion,  was  introduced  and  experimentally  demonstrated
with Ti:sapphire-pumped BBO OPCPA system, yielding
CEP-stable,  two optical  cycle (11.7 fs),  1.43 mJ pulses at
1.8  μm129. The  idea  is  to  independently  amplify  fre-
quency components of a broadband pulse in the Fourier
plane, thus avoiding spectral and spatial distortions, cir-
cumventing  the  limitations  of  gain  narrowing  arising
from phase mismatch and damage threshold of the non-
linear  crystal  without  the  need  of  pulse  stretching  and
compression setups.  Another  concept,  dual-chirped  op-
tical parametric  amplification  (DC-OPA),  suggested  us-
ing both chirped pump and signal pulses, hence making
possible  to  apply  high-energy  pump  pulses  and  achieve
large energy conversion factors without the onset of op-
tical damage of the nonlinear crystal130. High potential of
DC-OPA was proven by applying this technique to pro-

duce  few  optical  cycle  pulses  with  peak  powers  of  0.74
TW  (27  fs,  20  mJ)  at  1.4  μm131 and  2.3  TW  (31  fs,  100
mJ)  at  1.7  μm132 in BBO-based  OPCPA setups  that  em-
ployed a  joule-class  10  Hz Ti:Sapphire  laser  system as  a
pump source, as well as achieving 0.3 TW (70 fs, 21 mJ)
pulses  at  3.3  μm  in  bulk  LN  crystal-based  MIR
OPCPA133,  all  of  which  representing  the  highest  peak
powers  reported  so  far  in  the  SWIR  and  MIR  spectral
ranges, respectively, see Fig 4.

High (100 kHz) repetition rate SWIR OPCPA systems
providing CEP-stable few optical cycle pulses with multi-
GW  peak  powers  are  pumped  with  high  average  power
Yb:YAG Innoslab amplifiers, while the broadband seed is
produced  by  successive  noncollinear  optical  parametric
amplification  and  DFG  stages  driven  by  amplified
Yb:YAG  laser134 and  Ti:sapphire  oscillator  pulses135−137.
To this end, 17 fs (2.7 optical cycle) pulses at 2 μm with
10  W  average  power  were  demonstrated  from  BIBO-
based  OPCPA134,  where  the  authors  also  compared  the
performance  characteristics  of  BIBO,  BBO  and  LBO
crystals, demonstrating  that  BIBO  offers  the  best  com-
promise between output power and overall stability. 16.5
fs pulses (2.2 optical cycles) at 2.2 μm with 25 W average
power135 and  14.4  fs  (1.7  cycles)  at  2.5  μm  with  12.6  W
average power136 were reported from MgO:PPLN crystal-
based OPCPA systems. A custom designed, BBO crystal-
based SWIR OPCPA system employed Yb-fiber  chirped
pulse  amplifier  as  a  pump  source  and  produced
wavelength  tunable  (1.4–2.1 μm)  pulses  with  6  W  aver-
age power as  measured at  1.93 μm138. Figure 6 summar-
izes the  performance  of  high  average  power  SWIR  OP-
CPA  systems  also  including  OPCPA  systems  operating
around 1.5 μm, which are discussed below.

 OPCPA around 1.5 μm
OPCPA  systems  with  center  wavelengths  of  around  1.5
μm  comprise  a  rather  specific  group  of  SWIR  OPCPA.
Large  fraction of  these  SWIR OPCPA systems use  KTA
crystal as an amplifying medium, since it exhibits a relat-
ively  broad  amplification  bandwidth  around  1.5  μm,
high  transparency  for  the  idler  wave,  which  lies  in  the
MIR  (above  3  μm),  high  optical  damage  threshold  and
shows no optical degradation at high peak intensities, so
promising  scaling  to  high  energies  and  high  average
powers. Indeed,  although  these  systems  produce  relat-
ively  long  pulses,  they  deliver  either  multi-millijoule  or
very  high  average  power  outputs.  Moreover,  several  1.5
μm OPCPA systems offer dual-wavelength operation, by
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compressing  both,  SWIR  signal  and  MIR  idler  pulses,
falling into category of MIR OPCPA.

The  early  setups  were  based  on  femtosecond
Er:fiber139−141 and  Cr:forsterite142,143 oscillators  serving  as
front-ends,  electronically  synchronized  with  Nd-laser
amplifiers  and  produced  >100  fs  pulses.  Out  of  these,  a
notable OPCPA system delivering 260 fs, 30 mJ pulses at
1.55  μm  was  demonstrated139;  a  remarkable  result  in
terms of  energy  even  from  the  present  day  view.  Re-
cently, multi-millijoule  OPCPA  system  of  a  similar  ar-
chitecture,  but  using  more  advanced  Er-fiber  front-end
with a fast response piezo-mounted cavity mirror, which
was  used  to  synchronize  its  repetition  frequency  to  that
of Nd:YVO4 master oscillator that seeded diode-pumped
Nd:YAG amplifier, was developed to produce 220 fs, 10.5
mJ pulses with 1550 nm center wavelength at 100 Hz re-
petition  rate144. A  distinctive  OPCPA  system  was  de-
signed  using  front-end  based  on  amplified  Yb:KGW
laser-pumped  OPA,  delivering  passively  CEP-stabilized
pulses  at  1.5  μm145 and  optically  synchronized  with  low
repetition  rate  (20  Hz)  Nd:YAG  amplifier  serving  as  a
pump source. The OPCPA delivered 74 fs pulses with 10
mJ energy146, and 2.2  mJ fraction was  additionally  com-
pressed to 19.8 fs  by filamentation in a  noble gas  cell147.
More  recently,  a  similar  seed  generation  concept  was
employed  in  KTP-based  OPCPA  system  that  was
pumped  by  Nd:YAG  amplifier  at  1  kHz  repetition  rate.
The  sub-mJ  fraction  of  CEP-stable  3  mJ,  80  fs  output
pulse  at  1.55  μm was  thereafter  spectrally  broadened by

passing through 9 pieces of  thin quartz plates and com-
pressed  down to  20  fs  duration  (3.9  optical  cycles)  by  a
Fourier pulse shaper148.

A robust  high  repetition  rate  dual-wavelength  OP-
CPA system was designed on the basis of a single indus-
trial-grade 125 kHz Yb-doped fiber  femtosecond source
that  simultaneously  provided  supercontinuum  seed  and
pump  for  three  amplification  stages  based  on
MgO:PPLN crystal, delivering 49 fs, 20 μJ signal pulses at
1550  nm  and  72  fs  and  10  μJ  idler  pulses  at  3070  nm,
which  were  independently  compressed  in  bulk  fused
silica  and  silicon,  respectively149.  Thereafter  this  system
was upgraded by replacing MgO:PPLN by KTA in the fi-
nal amplification stage,  and post-compressing the signal
pulse at  1550 nm down to 22 fs  in a multipass cell  con-
taining  fused  silica  plate150.  High  average  power  dual-
beam 100  kHz  KTA-based  OPCPA  system  that  em-
ployed  two-branch  Yb:fiber  laser,  DFG-based  front-end
and Yb:YAG  amplifier  as  a  pump  source,  simultan-
eously  delivered  passively  CEP-stabilized  51  fs  signal
pulses at 1.55 μm and 73 fs idler pulses at 3.1 μm with av-
erage powers of 43 W and 12.5 W, respectively151. Finally,
an exceptional KTA-based OPCPA system with Yb:fiber
laser-pumped  OPA  front-end  and  100  kHz  repetition
rate,  kW-level  Innoslab Yb:YAG amplifier  was designed
to  produce  ~100  fs  pulses  with  unprecedented  average
power of 106.2 W at a center wavelength of 1.75 μm (see
Fig. 6),  also  yielding  continuous  wavelength  tunability
from 1.5 to 2.0 μm152.
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 Mid-infrared OPCPA
MIR  is  the  wavelength  range  that  is  truly  “no  man’s
land” for existing ultrafast laser sources, so MIR OPCPA
systems constitute a very special class of few optical cycle
sources devoted to various applications in spectroscopy,
ultrafast nonlinear  optics,  strong-field  physics  and  atto-
second science,  with a  particular  emphasis  on high har-
monic  generation,  whose  high  frequency  cut-off  energy
scales proportionally to square of the driving wavelength.
Since the very nature of optical parametric amplification
process treats  the  signal  and  idler  waves  as  fully  inter-
changeable, this  feature  is  widely  exploited  in  MIR OP-
CPA systems, which are seeded either with SWIR signal,
extracting  MIR  idler  pulse,  or  directly  with  broadband
pulse  at  the  idler  wavelength  that  is  produced  by  DFG.
Bulk and periodically  poled LN,  KTA serve  as  the  main
nonlinear crystals in the 3–4 μm wavelength range, while
fine performance from PPSLT, KNbO3 and lithium iod-
ate (LiIO3) was reported as well.

The  inception  of  MIR  OPCPA  systems  relied  on  the
availability of compact commercial laser sources: femto-
second dual-wavelength Er:fiber master oscillator-power
amplifier  system and electronically  synchronized  diode-
pumped  picosecond  100  kHz  Nd:YVO4 laser153.  The
broadband  MIR  seed  pulses  were  produced  by  DFG
between the two-color outputs of fiber laser, stretched in
a sapphire rod, amplified in a double-stage optical para-
metric amplifier based on MgO:PPLN crystals and com-
pressed by  either  prism  or  grating  pair  compressor,  de-
livering  ~1  μJ,  sub-100  fs  (~9  optical  cycle)  pulses  with
respective central wavelengths of 3.5 μm154 and 3.2 μm155.
A  further  development  of  these  two  conceptually  very
similar OPCPA systems serves as an excellent example il-
lustrating  the  evolution  of  scientific  and  technological
ideas beyond the MIR OPCPA.

The  first  OPCPA  system154 was  upgraded  by  using
aperiodically poled  MgO:PPLN  crystals,  providing  ul-
trabroadband  gain  in  a  collinear  amplification
geometry156, changing the seeding concept (from DFG to
directly using  the  Er:fiber  oscillator  pulse)  and  employ-
ing  bulk  compressor157. Thereafter  the  system  was  re-
designed  to  broaden  the  seed  bandwidth  in  dispersion-
shifted  telecom  fiber  and  to  provide  a  higher-power
pump for  the  final  parametric  amplification  stage  in-
stalling a supplementary Nd:YVO4 Innoslab-type ampli-
fier. As a result, 3.7 optical cycle (41.6 fs) pulses at 3.4 μm
central wavelength with an energy of 12 μJ at 50 kHz re-
petition  rate  were  produced158,159.  A  further  increase  of

the  amplified  pulse  energy  (up  to  21.8  μJ)  keeping  its
duration  below  four  optical  cycles  was  achieved  by
means of  an  achromatic  phase  matching  (angularly  dis-
persed signal)  in the last  parametric amplification stage,
ensuring extraction of  the  idler  pulse  without  the  angu-
lar dispersion160.

The second OPCPA system155 was gradually upgraded
to a  larger  output  energy  introducing  additional  para-
metric amplification stage161, higher pulse repetition rate
(160  kHz),  improved  CEP  stability162,  and  higher  peak
power163, finally producing CEP-stable pulses with a dur-
ation of 55 fs (5.4 optical cycles) and energy of 20 μJ at a
center  wavelength  of  3.05  μm164.  Implementation  of  all-
solid-state self-compression scheme based on filamenta-
tion in a YAG crystal yielded pulses as short as 32 fs (2.9
optical  cycles).  This  OPCPA  system  was  shown  to
provide  intrinsically  synchronized  SWIR  output  pulses
compressible to  sub-100  fs,  which  were  readily  em-
ployed to  produce  multicolor  outputs  by  means  of  cas-
caded frequency up-conversion chain that included non-
collinear optical  parametric  amplification,  second  har-
monic  and  sum  frequency  generation  stages,  involving
pump  (at  1064  nm),  signal  (at  3100  nm)  and  idler  (at
1620 nm) pulses165.  Finally, a considerable improvement
of  the  OPCPA  output  parameters  was  achieved  by
adding  yet  another  two  parametric  amplification  stages
using KNbO3 crystals and performing chirp inversion of
the  seed,  which  allowed  using  bulk  stretcher  as  well  as
bulk  compressor,  resulting  in  21  W  average  power,  131
μJ pulse energy and 97 fs (sub-9-cycle) pulse duration at
a  center  wavelength  of  3.25  μm166.  Post-compression  of
these pulses close to a single optical cycle was performed
through  soliton  self-compression  inside  an  argon-filled
antiresonant-guiding  photonic  crystal  fiber,  yielding
pulse width as short as 14.5 fs (1.35 optical cycle) with a
peak power of 3.9 GW and an average power of 9.6 W.

A notable effort was dedicated to develop high repeti-
tion rate MIR OPCPA systems based on a single driving
laser source taking the advantage of robust passive optic-
al  synchronization  between pump and seed  pulses,  thus
reducing  the  overall  complexity  of  the  system.  100  kHz
OPCPA system delivering CEP-stable 4 optical cycle (38-
fs)  pulses  at  3.1  μm  with  an  average  power  of  4  W  was
built around  an  industrial  Yb:YAG  thin-disk  regenerat-
ive  amplifier167.  Its  1.1  ps  pulses  were  used  for  both:
pumping  two-stage  optical  parametric  amplifier,  which
consisted  of  MgO:PPLN  crystals  with  fan-out  poling
and  production  of  CEP-stable  MIR  seed  pulse  via
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supercontinuum generation  in  bulk  YAG  and  sub-
sequent DFG between the long wavelength portion of su-
percontinuum  and  pump  pulses.  A  further  upgrade  of
this  OPCPA  system  by  adding  an  extra  amplification
stage based on unpoled LN, resulted in an increase of the
output  energy  by  a  factor  of  >4,  yielding  an  average
power of 15.2 W and demonstrating superior long-term
performance  in  terms  of  shot-to-shot  energy,  beam
pointing  and  CEP  stability  over  more  than  8  hours  of
continuous operation168.  The output pulses of analogous
OPCPA  system  were  post-compressed  from  4.7  to  2.3
cycles  (23.5  fs)  in  a  hybrid  thin  plate  setup  that  used  a
combination of dielectric (YAG) and semiconductor (Si)
crystals169 and,  more  recently,  to  sub-two  optical  cycles
(19.6 fs) with addition of dispersive mirrors for fine dis-
persion compensation170. 61 fs pulses at 3 μm with an en-
ergy of  >300  μJ  were  generated  from  MIR  OPCPA  sys-
tem  built  on  the  basis  of  commercial  Yb:YAG  Innoslab
amplifier operating  at  10  kHz,  that  served  to  simultan-
eously  produce  SWIR  supercontinuum  seed  and  pump
for  4  parametric  amplification  stages  that  employed
MgO:PPLN and PPSLT crystals171. Further self-compres-
sion  of  the  output  pulses  to  21  fs  with  83%  energy
throughput  was  achieved by  nonlinear  propagation in  a
YAG plate.  More  recently,  this  OPCPA  system  was  up-
graded  by  employing  more  powerful  Yb:YAG  Innoslab
CPA driving laser, replacing PPSLT crystals with KTA in
final  amplification  stages  and  using  engineered  flat-top

pump  beam  in  the  last  amplification  stage,  resulting  in
doubled pump-to-idler conversion efficiency172. The sys-
tem  produced  125  fs  pulses  (50  fs  after  post-compres-
sion) with an energy of 2.7 mJ and an average power of
27  W,  which  is  the  highest  average  power  of  the  MIR
OPCPA systems reported so far, see Fig. 7.

A more sophisticated MIR OPCPA system producing
sub-mJ 65 fs,  3  μm pulses  at  a  repetition rate of  100 Hz
was built around Ti:sapphire oscillator that seeded both,
the pump channel with Yb:YAG Innoslab power amplifi-
er and four-stage OPCPA consisting of two second har-
monic-pumped  BBO  crystals  followed  by  fundamental
harmonic-pumped  KTA  and  LiIO3 crystals, which  alto-
gether maintained a broad bandwidth supporting pulses
as short as 35 fs, with potential for scaling the repetition
rate and average power173.

The very first 100 GW-level MIR OPCPA system was
built around femtosecond Yb:KGW oscillator with OPA
front-end pumped by femtosecond Yb:CaF2 CPA ampli-
fier,  producing  seed  pulse  at  the  signal  (1.46  μm)
wavelength  and  optically  synchronized  high  energy
Nd:YAG amplifier, which provided pump for two KTA-
based optical  parametric  amplification  stages,  demon-
strating 83 fs,  8  mJ pulses  at  the idler  wavelength of  3.9
μm174. This OPCPA system was further upgraded by us-
ing more  powerful  pump  laser  and  adding  third  ampli-
fication  stage  (Fig. 8)  to  produce  slightly  longer  (94  fs),
but  much  more  energetic  (21  mJ)  pulses175,  which  were
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additionally  self-compressed  down  to  30  fs  (sub-three
optical  cycles)  by  the  nonlinear  propagation  in  a  2-mm
thick  YAG  plate,  yielding  sub-TW  (0.44  TW)  peak
power  at  the  output176.  Wavelength  tunable  (3.3-3.95
μm) multi-millijoule  MIR pulses  were  produced  in  OP-
CPA  scheme  that  used  amplified  Ti:sapphire  laser-
pumped OPA  as  a  front-end  and  electronically  syn-
chronized joule-class Nd:YAG boost amplifier serving as
a pump  source.  Single-pass  non-collinear  optical  para-
metric  amplification  in  LN  crystal  produced  120  GW
pulses with duration of 111 fs and energy of 13.3 mJ at a
central wavelength of 3.425 μm177. CEP-stable 105 fs, 5.5
mJ pulses at a central wavelength of 4 μm and 100 Hz re-
petition  rate  were  produced  by  KTA-based  OPCPA,
which  employed  electrically  synchronized  Ti:sapphire
and Nd:YAG lasers178. Post-compression in krypton gas-
filled hollow core fiber yielded a pulse duration of 21.5 fs
(1.6 optical cycle) with an energy of 2.6 mJ. Finally, CEP-
stable  21  mJ,  70  fs  (6.3  optical  cycle)  pulses  at  3.3  μm
were produced by dual-chirped optical parametric amp-
lification in MgO:LN with a joule-class Ti:sapphire laser
system133, yielding a peak power of 300 GW, which is the
highest  value  of  the  peak  power  directly  produced  by
MIR OPCPA system so far, see Fig. 4.
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 OPCPA beyond 4 μm
The  major  difficulties  of  further  OPCPA  wavelength
scaling  arise  from  increasingly  unfavorable  pump-to-
idler  photon  ratio,  which  follows  from  short  (~1  μm)
pump  wavelength  provided  by  Nd  and  Yb  pump  lasers
and  limited  transparency  of  oxide  nonlinear  crystals  in
the MIR spectral range. Therefore MIR OPCPA systems
operating at  wavelengths  beyond 4  μm are  designed us-
ing novel pump sources based on Ho-doped gain media
operating around  2  μm  and  employing  non-oxide  non-
linear  crystals  as  amplifying  media.  Out  of  these,  ZGP
crystal emerged  as  particularly  attractive  nonlinear  ma-
terial  for  broadband  high-energy  amplification  in  the
MIR with 2 μm pumping.

To  this  end,  sub-millijoule,  multi-GW,  few  optical
cycle (75 fs) pulses at 5.1 μm were produced by OPCPA
system which used femtosecond Er:fiber  laser  providing
three-color output as a front-end179. The broadband seed
at  3.4  μm  was  produced  via  DFG  between  the  original
and spectrally  broadened Er:fiber laser  outputs,  whereas
the  third  spectrally  broadened  laser  output  was  used  to
seed 1 kHz picosecond Ho:YLF amplifier, which pumped
three-stage ZGP crystal-based  optical  parametric  ampli-
fier.  This  OPCPA system was  further  improved to  1  mJ
output energy and implemented active phase control  by
SLM  on  the  signal  pulse180 and  eventually,  upgraded  to
four  amplification  stage  configuration,  resulting  in  89.4
fs, 3.4 mJ pulses at a center wavelength of 4.9 μm with a
peak power of  33 GW181,  which is  the  highest  figure  for
OPCPA systems operating beyond 4 μm. More recently,
the  seeding  concept  of  the  above  OPCPA  scheme  was
completely changed by incorporating Cr:ZnS master os-
cillator  emitting  40  fs  pulses  at  2.4  μm  as  a  front-end,
which was used to seed both, Ho:YLF regenerative amp-
lifier and two-stage OPCPA based on ZGP crystal182, see
Fig. 9.  The  resulting  idler  pulses  tunable  in  the
wavelength  range  of  5.4–6.8  μm  were  compressed  in  a
simple  CaF2 prism  compressor  to  sub-150  fs  duration
with > 400 μJ  energy and a  peak power of  3  GW. More
recently,  dispersion  management  using  bulk  material
stretching and compression in combination with precise
phase shaping  prior  to  amplification  enabled  compres-
sion of idler pulses to a sub-100 fs duration183.

Few optical cycle pulses at 7 μm were produced using
a  conceptually  similar  OPCPA  architecture  with
Er:Tm:Ho:fiber  laser  front-end.  Ho:YLF  amplifier-
pumped ZGP OPCPA was seeded by a broadband CEP-
stable  pulse  centered  at  7  μm,  which  was  produced  via
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DFG between  two  spectrally-shifted  femtosecond  out-
puts  from  the  Er:Tm:Ho:fiber  front-end.  The  amplified
pulses  were  compressed  in  a  diffraction  grating-pair
compressor,  yielding  180  fs,  200  μJ  pulses  at  the
output184. A further improvement of this OPCPA system
was performed by  upgrading  the  pump laser  and  intro-
ducing  a  chirp  inversion  stage  between  the  parametric
amplification sections, allowing compression of the amp-
lified pulse in a bulk dielectric medium (BaF2 rod), pro-
ducing  188  fs  (8  optical  cycles),  0.75  mJ  pulses  with  a
peak power of 3.7 GW185. Various OPCPA strategies em-
ploying  ZGP,  GaSe  and  AGSe  crystals  under  pumping
around 2  μm  were  examined  numerically,  demonstrat-
ing prospects of high-peak power few optical cycle pulse
generation in the LWIR (8–16 μm) spectral range186. The
numerical  studies revealed feasibility of ZGP OPCPA to
provide sub-cycle pulses with terawatt peak power in the
wavelength  range  of  4–12  μm  under  properly  tailored
phase  matching  conditions  and  using  either  broadband
2.4 μm Cr:ZnSe/ZnS or narrowband 2 μm Ho:YLF pump

lasers187.  So far,  few optical  cycle pulses with the longest
central wavelength  of  9  μm  were  experimentally  pro-
duced in LiGaS2 (LGS) crystal-based OPCPA, which was
pumped by Yb:YAG laser operating at 10 kHz repetition
rate  and seeded by  NIR supercontinuum generated  in  a
YAG crystal using a small energy fraction from the same
laser. Such LWIR OPCPA produced 142 fs (less than five
optical cycles) pulses with energy of 14 μJ188.

Finally,  conversion  of  OPCPA  output  via  intrapulse
DFG suggests an alternative method for wavelength scal-
ing further into LWIR region. To this end, generation of
sub-three optical cycle pulses with a center wavelength of
8.5 μm was demonstrated with 2.1 μm OPCPA in AGSe
crystal189. More recently, 60 fs (1.8-cycle) pulses centered
at  10.3  μm  were  produced  with  3  μm  OPCPA  in  GaSe
crystal190.

 Other developments
Diverse  experimental  OPCPA  implementations  attested
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versatility  of  the  OPCPA  concept  by  demonstrating
amplification  of  ultraviolet  femtosecond  pulses  at  405
nm191 and  at  310  nm192,  in  the  latter  case  performing
four-wave  amplification in  isotropic  solid-state  medium
(fused  silica),  as  well  as  producing  visible  output  from
OPCPA system  with  integrated  sum-frequency  genera-
tion  stage193.  An  interesting  idea  was  proposed  of  using
compressed  SWIR  (at  1.6  μm)  and  uncompressed  MIR
(at  3.1 μm) outputs  from KTA-based OPCPA system as
pump and seed, respectively, for subsequent OPCPA sys-
tem  based  on  LiGaSe2 crystal  operating  at  the
degeneracy194.

A  possibility  of  OPCPA  to  amplify  complex-shaped
wave  packets  was  studied  numerically,  demonstrating
that broadband  X-pulses  with  specific  spatial  and  tem-
poral  chirps  can  be  efficiently  amplified  without  phase
distortions  and  self-compressed  during  free-space
propagation onto the target area195. Very recently, ampli-
fication of chirped vortex pulse at 4 μm to multi-mJ en-
ergy and its compression to less than 9 optical cycles was
experimentally  demonstrated  in  OPCPA  system  based
on KTA crystal196.

A  particularly  interesting  development  line  addresses
application of the OPCPA technique to all-fiber systems.
Unlike  conventional  OPCPA,  where  optical  parametric
amplification is performed in bulk crystals with second-
order nonlinearity, fiber OPCPA (FOPCPA) uses highly
nonlinear  optical  fiber  with  cubic  nonlinearity  as  an
amplifying  medium197, hence  offering  stability  and  ver-
satility  of  fiber  setups,  and  multi-MHz  repetition  rates
that  are  accessible  with  the  state-of-the-art  fiber  lasers.
Since the  first  experimental  demonstration  of  femto-
second FOPCPA in photonic crystal fiber (PCF) around
1  μm198,  the  subsequent  FOPCPA  realizations  extended
wavelength  range  into  telecom  window  (around  1.55
μm)  in  picosecond199,  sub-picosecond200 and femto-
second201 operation  regimes,  using  highly  nonlinear
fibers  (HNLF)  as  amplifying  media.  Numerical  studies
suggested that the achievable FOPCPA bandwidth can be
twice  as  large  as  in  standard  setups  making  use  of  two-
pump  configuration,  which  is  capable  of  delivering
pulses  as  short  as  15  fs,  paving  the  way  toward  all-fiber
amplification of few optical cycle pulses202. The follow-up
studies considered FOPCPA pumping by chirped pulses,
which  induce  temporally  spread  spectral  gain,  and  may
produce  very  high  (45-60  dB)  gain  within  a  very  broad
spectral bandwidth  around  1  μm,  supporting  amplifica-
tion of sub-30 fs pulses203−205. FOPCPA in a normally dis-

persive PCF enabled amplification of femtosecond pulses
at wavelengths which are relatively far (signal at 0.85 μm
and  idler  at  1.3  μm)  from  the  pump  wavelength  (1.03
μm)206,  also  demonstrating  that  the  signal  and  idler
waves can be widely customized by proper arrangement
of the relationships between the chirps of the pump and
seed  pulses  and  parametric  gain207.  FOPCPA  with  very
high  gain  (more  than  55  dB),  overall  pump-to-signal
conversion  close  to  50%  and  μJ  signal  energy  was
demonstrated  in  a  solid  core  photonic  bandgap  (PBG)
fiber  with  a  large  mode  area208,  while  70  fs  pulses  were
produced in FOPCPA via  birefringence phase  matching
in a step-index single-mode optical fiber209. Finally, watt-
level  FOPCPA systems providing femtosecond pulses  at
1.3 μm210 and 1.7 μm211, were elaborated recently, aiming
at  applications  in  bio-photonics  and  biomedical
treatment.

 Applications
Table-top OPCPA systems currently provide the shortest
pulses in the optical range, offering a wide choice of driv-
ing wavelengths, which are ideally suited to experiment-
ally  investigate  highly  nonlinear  processes  in  atomic,
molecular, plasma,  and  solid-state  physics.  OPCPA  sys-
tems serve  as  driving  sources  for  strong  field  phenom-
ena in noble gas jets, such as laser plasma acceleration212

and  high  harmonic  generation  (HHG)124,213,214,  with  an
emphasis  for  excitation  of  coherent  electromagnetic
waves far  beyond  the  optical  spectrum,  producing  atto-
second  bursts  in  the  extreme  ultraviolet  and  soft  X-ray
range, and  so  emerging  as  compact  alternatives  to  syn-
chrotron radiation and free-electron lasers.  To this  end,
soft  X-ray  production  in  a  water
window104,107,119,125,128,135,215−218,  and  generation  of  single
isolated  attosecond  pulses219−221 and  attosecond  pulse
trains222 have been  reported  with  diverse  OPCPA  sys-
tems. MIR OPCPA-driven generation of high brightness
supercontinuum of ultrahigh harmonics up to unpreced-
ented  orders  greater  than  5000,  potentially  allowing  the
generation of  pulses  as  short  as  2.5  attoseconds  was  re-
ported223,  see Fig. 10,  which  also  provides  an  illustrative
comparison  of  HHG  supercontinua  produced  with  few
optical  cycle  pulses  with  central  wavelengths  of  0.8,  1.3,
2.0 and  3.9  μm.  Table-top  HHG  sources  driven  by  OP-
CPA  systems  were  employed  for  water-window  X-ray
imaging224 and soft X-ray spectroscopy225. More recently,
the generated  ultrabroadband  high  harmonic  supercon-
tinua were applied for  X-ray absorption spectroscopy at
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the K- and L-absorption edges of solids and in the water
window,  allowing  for  probing  the  fastest  processes  on
femtosecond-to-attosecond  time  scales  and  picometer
length  scales226. OPCPA sources  have  also  been demon-
strated as indispensable tools for performing CEP-sensit-
ive  experiments  for  the  study  and  control  of  ultrafast
processes  in  light-matter  interactions227. Moreover,  OP-
CPA  sources  were  demonstrated  to  efficiently  drive
HHG  generation  from  solid  surfaces78,171,228,  hard  X-ray
production  from  metallic  targets229 and for  photoemis-
sion spectroscopy of solids230. OPCPA combined with re-
action microscope enabled to visualize strong-field inter-
actions and electron recollisions in three dimensions that
are the core process driving strong-field phenomena, al-

lowing to probe atomic structure via laser-induced elec-
tron  diffraction231,232.  More  recently,  OPCPA  sources
were used for laser plasma wakefield acceleration, report-
ing electron acceleration up to MeV-scale and relativist-
ic  self-focusing  in  gas  jets233, and  observation  of  relativ-
istic effects in plasma from solid targets234.

Since few  optical  cycle  OPCPA  systems  deliver  ul-
trabroadband spectra exceeding an optical octave and al-
low accurate  control  of  spectral  phase,  precisely  syn-
chronized  OPCPA  systems  readily  serve  for  coherent
sub-cycle optical waveform synthesis offering several dis-
tinct  advantages  over  other  existing  methods235.  In  that
regard, full phase and amplitude control enables the gen-
eration of sub-optical-cycle pulses with a desired electric
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field  profile,  or  more  generally,  any  optical  waveform
supported  by  the  amplified  spectrum  with  scalability  of
average236,237 and  peak238 powers.  These  features  are  of
great  importance  for  optimizing  the  HHG  process  and
achieving  high  energy  isolated  attosecond  pulses239,  so
opening a route to a completely new regime of light-mat-
ter interaction, the so called waveform nonlinear optics.

High  repetition  rate  MIR  OPCPA  systems  serve  as
versatile tools for many experiments in multidimension-
al  spectroscopy  in  the  molecular  fingerprint  region240.
For example,  a  100  kHz  OPCPA  system,  which  em-
ployed  difference  frequency  generation  and  subsequent
pulse  shaping,  was  used  to  deliver  pulse  pairs,  resulting
in millisecond  2D  spectral  acquisition  times  which  en-
able experiments in 2D IR microscopy and nanoscopy241.
Such systems also offer an excellent performance in run-
ning  ultra-stable  shot-to-shot  statistical  measurements
over a long term168, whereas OPCPA systems, which pro-
duce  simultaneous  optically  synchronized  outputs  at
various  wavelengths,  enable  time-resolved  investigation
of electron and nuclear dynamics during photochemical
reactions  and  high-energy  above-threshold  ionization
phenomena165. Adiabatic  difference  frequency  genera-
tion  in  aperiodically  poled  grating  in  a  magnesium-ox-
ide-doped congruent LN crystal employing OPCPA out-
put  pulses242 resulted  in  production  of  almost  single-
cycle pulses in the optical range243. Proper pulse shaping
applied  to  such  scheme  allows  the  generation  of  closely
(within a  few  picoseconds)  delayed  pairs  of  fully  com-
pressible  MIR  pulses,  which  could  be  further  used  for
two-dimensional  spectroscopy  exceeding  an  octave-
spanning bandwidth.

Availability of  high  peak  power  OPCPA  systems  en-
abled to perform cutting-edge experiments in the emer-
ging field of ultrafast mid-infrared nonlinear optics. Ob-
servations  of  nonlinear  optical  phenomena  induced  by
propagation  of  high  power  ultrashort  MIR  pulses  in
gaseous  media  proposed  a  new  look  at  filamentation
physics  and  nonlinear  optics  in  gaseous  media175,
demonstrating production  of  high-energy  ultrabroad-
band supercontinua  in  noble  gases244,  atmospheric  air245

and  its  individual  constituents246.  A  remarkable  spectral
extension towards the short-wavelength side due to gen-
eration of  multiple  odd harmonics  was  observed,  which
was  considered  as  a  tool  for  probing  higher  order  Kerr
effect, related optical nonlinearities and key optical con-
stants of the media247. Remote initiation of backward las-
ing from molecular gases by MIR filaments248 and its use

for  gas  sensing249 were  demonstrated  as  well.  Various
pulse compression  regimes  delivering  high  power  com-
pressed  pulses  on  remote  targets  were  unveiled250−253

thanks  to  precise  mapping  of  anomalous  dispersion  of
air  in  the  3.6−4.2  μm  range254. Novel  aspects  of  nonlin-
ear propagation and pulse self-compression in bulk ma-
terials  and  fibers  were  uncovered255−258,  demonstrating
multioctave,  CEP-stable  supercontinua  with  a  potential
self-compression of spectrally broadened pulses down to
a single optical cycle.

OPCPA-driven  light  sources  with  unprecedented
spectral bandwidths  were  demonstrated  recently,  offer-
ing  new  opportunities  for  diverse  applications  in  bio-
chemical sensing,  time-resolved  spectroscopy  and  atto-
second  light-wave  electronics259. Coherent  and  ul-
trabroadband comb covering seven optical octaves from
340 nm  to  40  μm,  with  CEP-stable  electric  field  wave-
forms  corresponding  to  sub-three-optical-cycle  pulses
was demonstrated with MIR OPCPA at 3.2 μm and com-
bining soliton self-compression and dispersive wave gen-
eration  in  an  anti-resonant-reflection  photonic-crystal
fiber  with  intra-pulse  DFG260.  Focusing  two-color  field,
consisting  of  the  3.9  μm  OPCPA  output  and  its  second
harmonic  into  a  gas  target,  produced  bright  multiband
SC radiation, spanning over 14 octaves,  from below 300
nm in  the  UV all  the  way beyond 4.3  mm, in  the  milli-
meter-wave  frequency  band261,  as  shown  in Fig. 11.  In
particular,  it  was  demonstrated  that  THz  to  millimeter-
wave part of the spectrum is emitted in the form of half-
cycle  field  waveforms  that  can  be  focused  to  yield  field
strengths of 5 MV/cm. Intense sub-cycle THz pulses with
sub-millijoule  energy  and  THz  conversion  efficiency  of
2.36%,  resulting  in  THz  field  amplitudes  above  100
MV/cm  were  produced  by  co-filamentation  of  3.9  μm
OPCPA output and its second harmonic in ambient air,
paving the way toward free space extreme nonlinear THz
optics using table-top laser systems262. More recently, re-
cord optical-to-THz conversion efficiencies approaching
6%  were  produced  by  optical  rectification  in  organic
DAST  (4-N,N-dimethylamino-4’-N’-methyl-stilbazoli-
um tosylate) crystal using the same OPCPA source263.

Last, but not the least, high peak power OPCPA pulses
were  employed  for  performing  damage  tests  of  various
optical  components  and  coatings,  which  are  vital  in
designing  petawatt  laser  systems264.  Frequency  doubled
NIR  OPCPA  output  was  considered  to  provide  high
quality,  high  contrast  seed  pulses  for  the  multi-terawatt
ultrashort  pulse  excimer  amplifier  operating  in  the  blue
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(475 nm)265, whereas the third and fourth harmonics of a
tunable,  burst  mode  OPCPA  with  center  wavelengths
ranging  from  720  to  900  nm  and  pulse  energies  up  to
1.12 mJ were considered for seeding high repetition rate
free-electron lasers112.

 Conclusions
Tremendous progress of table-top OPCPA systems dur-
ing the past  decade was spurred by recent scientific  and
technological advances in laser science and ultrafast non-
linear  optics.  In  particular,  the  developments  of  solid-
state  laser  oscillator  and  amplifier  technology  opened
new perspectives for OPCPA seeding and pumping in di-
verse regimes of energy,  pulsewidth, wavelength and re-
petition rate. The availability of advanced pump sources
made  feasible  the  design  of  compact  TW-class  OPCPA
systems offering the combination of high peak and high
average  powers,  which  represents  an  important  frontier
in  contemporary  laser  science  itself,  and,  on  the  other
hand, promoted the development of high average power
OPCPA systems operating at multi-kHz to 100s kHz re-
petition  rates,  allowing  to  perform  diverse  experiments
in, e.g. strong field physics, in compact setups with suffi-
cient detection sensitivity and high signal-to-noise ratio.
The advances  of  broadband seed generation techniques,
availability of existing and growth of novel nonlinear op-
tical crystals  with  suitable  optical  properties  and  incep-
tion novel pump sources based on Ho-doped lasing ma-

terials  made  possible  unprecedented  coverage  of  carrier
wavelengths  offered  by  OPCPA  systems.  Eventually,
modern pulse post-compression techniques appeared es-
pecially efficient in the MIR spectral range, allowing fur-
ther  shortening  of  the  generated  pulses  by  relatively
simple  means.  Successful  experimental  realization  of
MIR OPCPA systems established a solid background for
ongoing  efforts  in  shifting  the  OPCPA  output
wavelengths  further  into  the  long-wave  infrared;  a  very
challenging task  guided  by  motivation  to  perform  cut-
ting-edge research in strong field physics and attosecond
science  that  benefit  from  large  ponderomotive  energy,
which scales as squared wavelength of the driving source.

To  summarize  the  present-day  state  of  the  art,  table-
top OPCPA systems represent a unique class of  few op-
tical cycle light sources that reached high level of matur-
ity, establishing  a  solid  experimental  platform  for  re-
search in diverse fields of ultrafast science, as already at-
tested by a wealth of fascinating applications with much
more to come in the nearest future.
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