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Petawatt lasers based
on optical parametric amplifiers:
their state and prospects

E A Khazanov, A M Sergeev

1. Introduction

A review of current state-of-the-art femtosecond lasers with
the currently record power of the order of 1 PW is presented.
Based on an analysis of the advantages and drawbacks of
parametric amplification in comparison with laser amplifica-
tion in a neodymium glass and sapphire crystal, it is shown
that the use of parametric amplifiers is a promising approach
to overcoming a petawatt barrier. Other concepts concerning
multipetawatt lasers, including those based on the unique
properties of laser ceramics, are also discussed.

Since the creation of the first laser, one of the main goals
of quantum electronics has been an increase in the peak power
of laser radiation. The term `high peak power' is continuously
changing, and we are currently speaking of a power about
1 PW (1015 W). The key milestone that allowed obtaining
such a power was the invention [1] of a fundamental principle,
the amplification of chirped (stretched in time, frequency-
modulated) pulses, CPA (chirped pulse amplification). The
idea (see Fig. 1) is that prior to amplification, a femtosecond
pulse is stretched to a duration of approximately 1 ns, which
reduces its power and allows amplifying it to high energy
without self-focusing and breakdown. Then the pulse is
compressed to the initial duration using diffraction gratings
with a high breakdown threshold, because light is only
reflected from the gratings, not passing inside a material
medium. The CPA principle is used without exception in all
lasers with the power 1 TW or greater.

Petawatt power was first obtained in 1996 on the basis of
CPA in neodymium glass [2]; the pulse duration was 440 fs
and the energy was 600 J. The invention of sapphire crystal
(corundum with titanium) [3] allowed obtaining considerably
shorter pulses and resulted in the creation of a petawatt laser
[4] with the much lower pulse energy of 28 J at the duration
33 fs. In Ref. [5], it was suggested to use the parametric
amplification (optical parametric chirped pulse amplifica-
tion, OPCPA) instead of the conventional laser amplifica-
tion. The first petawatt OPCPA laser was created [6] in 2006
on the basis of a nonlinear DKDP crystal (Deuterated
Potassium Dihydrogen Phosphate).

Thus, all existing petawatt lasers and those under
development can be divided into three groups by the
amplifying medium: (1) neodymium glass [2, 7 ± 14],
(2) sapphire (corundum with titanium) [4, 13, 15 ± 17], and
(3) parametric amplifiers on KDP (Potassium Dihydrogen
Phosphate) andDKDP crystals [6, 18 ± 25] (see Table 1). In all
the groups, energy (in the form of population inversion) is
stored in neodymium ions in a glass. In the first case, this
energy is directly converted to the energy of a chirped pulse,
which is then compressed. In the second and third cases, the
stored energy is converted into the energy of a narrow-band
nanosecond pulse, which is converted into a second harmonic
and serves to pump the chirped pulse amplifiers. This
pumping either provides the population inversion in a
sapphire crystal or decays parametrically into two chirped
pulses in a nonlinear crystal.

Several nanojoules,
tens of femtoseconds
(spectrally limited pulse)

0.01 ë 100 J,
tens of femtoseconds
(spectrally limited pulse)

0.01 ë 100 J,
about 1 ns
(chirped pulse)

Several nanojoules,
about 1 ns
(chirped pulse)

Femtosecond
pulse
generator

Stretcher

Compressor CPA or OPCPA
ampliéers

Figure 1.General drawing of powerful femtosecond lasers.
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The peak power is determined by the duration and energy
of a compressed pulse. The maximal energy is obtained in
neodymium glass lasers because the energy stored in the form
of population inversion is directly converted into a chirped
pulse. However, a narrow-band gain of neodymium glass
limits the duration of the compressed pulse to several hundred
femtoseconds. As a result, the optical resistance of diffraction
gratings hinders extension into the multipetawatt range.

In contrast to neodymium glass lasers, sapphire lasers
provide wide-band gain, which allows compressing a pulse
down to 10 ± 20 fs. But the aperture of sapphire crystals is
below 10 cm. In attempting to surpass the petawatt level, so
small an aperture would limit the energy of a chirped pulse
due to optical breakdown and self-focusing.

2. Advantages and drawbacks
of parametric amplification

Parametric amplifiers have none of the drawbacks of sapphire
and neodymium glass mentioned above because the aperture
of modern nonlinear KDP and DKDP crystals is 40 cm,
which is comparable to the dimensions of neodymium glass
elements, and the gain width is close to that of sapphire.
Moreover, the OPCPA approach has unquestionable advan-
tages compared to CPA.

First, OPCPA provides a very high single-pass gain, up to
104, compared to 10 for CPA. Second, in the case of OPCPA,
the amplification is directed, which eliminates enhanced
spontaneous luminescence and self-oscillation of amplifiers
in transverse directions, removing the substantial limitation
of CPA lasers. Third, the low level of amplified spontaneous
luminescence in the longitudinal direction provides a high
temporal contrast of the compressed pulse. Fourth, in the
case of OPCPA, in contrast to CPA, the energy difference
between the pump and the signal quanta is not released in the
crystal in the form of heat because it is withdrawn by an idle
wave. This provides low thermal load and, as a consequence,
diffraction beam quality even in the pulse-repetition mode.
Finally, the spectrum of a chirped pulse is less distorted by
gain saturation in the case of OPCPA than for CPA because
the effect of the population inversion reduction at the end of
the pulse is absent. Hence, the use of parametric amplifiers is
rather promising for overcoming the petawatt barrier.

Nevertheless, OPCPA has drawbacks. First of all, there is
the requirement of a short (about 1 ns) duration of the
pumping pulse, because a parametric amplifier, in contrast
to a laser amplifier, cannot acquire energy due to population
inversion. Due to the same reason, a high accuracy (of the
order of 100 ps) is needed in synchronizing the pumping and
chirped pulses. In addition, in the case of OPCPA, it is
actually impossible to use several lasers for pumping a single
amplifier, which is easily realized in the case of CPA.

It follows that all the advantages of OPCPA are directly
related to the amplifier, whereas its drawbacks are related to
the pumping laser, where the requirements are higher than for
CPA.

3. Choosing the nonlinear crystal for OPCPA

The most promising pumping for powerful parametric
amplifiers is the second-harmonic radiation of neodymium
glass lasers with the wavelength lp � 527 nm. At this
wavelength, the widest gain band is observed for LBO
(lithium borate), BBO (barium metaborate), KDP, and
DKDP crystals [26, 27]. The first two types of crystals have
large nonlinearity; but the modern growing technology is
capable of producing such crystals with the transverse
dimension of at most several centimeters. Hence, LBO and
BBO crystals can only be used in the first cascades of OPCPA.
KDP and DKDP crystals with lower nonlinearity can be
produced with the dimension that provides the aperture of
40 cm and more, which allows using them in final stages of
petawatt OPCPA lasers.

Of key importance for wide-band parametric amplifica-
tion are the dispersion dependences of the refractive index,
which determine the wave-vector mismatch Dk. The mis-
match be presented in the form of a Taylor series with respect
to the deviation O from the central frequency of three-wave
synchronism,

Dk�O� � Dk�0� ÿ
�
dks
do
� dkiz

do

�
O

ÿ 1

2

�
d2ks
do2
� d2kiz

do2

�
O 2 ÿO�O 3� ;

where ks is the wave vector of the signal wave propagating
along the z axis and kiz is the projection of the idle-wave

Table 1. Comparison of petawatt lasers concepts. Symbols `�', `ÿ', and `0' indicate characteristics that are above average, below average, and average,
respectively.

Amplifying medium Nd:glass Ti:sapphire DKDP Cr:YAG-ceramics

Energy source Nd:glass Nd:glass Nd:glass Nd:glass

Pumping no ��� 2oNd* �ÿ� 2oNd �ÿ� 1oNd** �0�
Pumping duration, ns no ��� > 10 �0� 1 �ÿ� > 10 �0�
Ampliéer aperture, cm 40 �0� 8 �ÿ� 40 �0� > 50 ���
Minimal duration, fs 250 �ÿ� 25 ��� 25 ��� 25 ���
Eféciency (1oNd! fs)***, % 80 ��� 15 �0� 10 �ÿ� 25 �0�
Number of petawatts from 1 kJ 1oNd 3.2 (3)**** 6 (1.5)**** 4 10

Power obtained, PW 1.36 [2] 0.85 [4] 0.56 [23] ì

* Second harmonic of a neodymium laser.
** First harmonic of a neodymium laser.
*** From the érst-harmonic pulse of a neodymium laser to a femtosecond pulse.
**** Resistance of diffraction gratings and sapphire crystals limit the maximum power at the respective levels of 3 PW and 1.5 PW.
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vector onto the z axis. Depending on the number of zero terms
in the series, we are dealingwith phasematching (only the first
term is zero), group phase matching (the first two terms are
zero), or ultra-wide phase matching (the first three terms are
zero). The last case requires the fulfillment of three condi-
tions. At a prescribed wavelength of the pumping radiation
lp, there are three free parameters: two angles (between the
optical axis of the crystal and the wave vectors of pumping
and signal radiation) and the signal wavelength ls. The
analysis in [27] shows that for crystals with l� > 2lp, there
exists a set of three parameters such that the three conditions
for ultra-wide synchronism are fulfilled, and for crystals with
l� < 2lp, these three conditions never hold and ultra-wide
phase matching is absent. Here, l� is the wavelength at which
the second derivative of the wavenumber for an ordinary
wave vanishes: d2k=do2 � 0.

At l� < 2lp, the maximum bandwidth of gain is achieved
when the interaction degenerates �ls � 2lp�. To such crystals,
we can assign KDP, which was considered the only candidate

for high-power OPCPA lasers in [18, 19, 26, 28 ± 31]. Never-
theless, as can be seen in Fig. 2, the maximum band of gain in
KDP does not exceed 1000 cmÿ1 and occurs at ls �
2lp � 1054 nm, i.e., in a range where no lasers exist with the
duration 30 fs or less.

InRef. [32], it was suggested to useDKDP crystals instead
of KDP. In Refs [27, 32, 33], reliable dispersion functions
were determined for DKDP and the influence of the degree of
deuteration was considered. It was also shown that for
DKDP, we have l� < 2lp and the conditions of ultrawide
phase matching hold at ls � 910 nm. In this case, the gain
band is twice as wide as that in KDP (see Fig. 2), which allows
amplifying pulses with the duration � 15 fs. It is important
that at both the signal (910 nm) and idler (1250 nm)
wavelengths, there are sources of femtosecond pulses with
this duration, namely sapphire and cromium± forsterite
lasers [34, 35]. In addition, DKDP crystals have a noticeably
lower absorption (see Fig. 2).

Thus, the most promising architecture of petawatt
OPCPA lasers is the amplification of a chirped pulse with
the central wavelength 910 nm in a DKDP crystal. In
Section 4, an OPCPA laser with this architecture and the
power 0.56 PW is considered [23].

4. 0.56-petawatt OPCPA laser
on a DKDP crystal

The general schematic of the laser created at the Institute of
Applied Physics (IAP) of the RAS is shown in Fig. 3. As was
mentioned in Section 3, a signal wave (sapphire laser,
ls � 910 nm) or idler wave (cromium ± forsterite laser,
ls � 1250 nm) can be injected into a DKDP crystal. The
second variant was used in [23], where the master oscillator
was a cromium ± forsterite laser emitting pulses with the
duration 40 fs and energy 3 nJ. Before amplification, the
pulses were extended in a stretcher.

Stretching a pulse at one wavelength (idle) and compres-
sing it at another (signal) wavelength requires a nonstandard
dispersion characteristic of the stretcher. Calculations show
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Figure 3.Drawing of an OPCPA laser with the power 0.56 PW [23]. (PA is the parametrical amplifier).

September 2008 Conferences and symposia 971



that such a characteristic is provided by a compressor with
two prisms having similar vertex angles [36, 37]. Such a
nonstandard stretcher based on a holographic diffraction
grating (1200 mmÿ1) extended a 40 fs pulse to the duration
0.6 ns with the transmission band 1000 cmÿ1.

Two parametric amplifiers were first pumped by a single-
mode Nd:YLF-laser with the energy of the second harmonic
�lp � 527 nm) up to 1 J [38], synchronized with a Cr:forsterite
laser to an accuracy of 50 ps [39]. The third parametric
amplifier was pumped by the second harmonic of a
neodymium glass laser with the energy 180 J and pulse
duration 1 ns. Such high parameters were obtained due to
the following key features of the pumping laser: high-
efficiency amplifiers [40]; specific construction of spatial
filters [41]; a system for radiation input to the amplifier,
which provided the fill factor 0.8 for the output cascade; the
use of circular polarization for two output amplifiers in
order to suppress small-scale self-focusing [43]; and a
frequency doubler with the first-type interaction, which
provided a 70% conversion efficiency at the thermo-
induced depolarization above 2% [44].

The first parametric amplifier was a two-pass one. On the
first pass, it converts pulses with the wavelength 1250 nm into
those of 910 nm, and on the second pass, it amplifies radiation
at the wavelength 910 nm. The second amplifier was single-
pass and had an efficiency � 15%, which corresponds to
numerical simulation results. The width of the spectrum of
the amplified pulse was approximately 30% less than that of
the injected signal. Upon further compression, pulses with the
duration � 80 fs were obtained at the power 0.44 TW [20].

Due to saturation of the third parametric amplifier (with
the DKDP crystal length 80 mm and the aperture 120 mm),
the spectrum of a chirped pulse broadened, the energy of the
pulse reached 38 J, and the amplifier efficiency was above
20%. Two diffraction gratings (1200 mmÿ1) with the
dimensions 24� 35 cm were used in a compressor. The

maximum energy of compressed pulses was 24 J. The
autocorrelation function (see Fig. 4) corresponds to a 43 fs
pulse duration full width at half maximum; thus, the peak
power was 0.56 PW, which is 35 times greater than the power
obtained earlier [19] in OPCPA lasers (see Fig. 5).

Due to the use of OPCPA and a compact pumping
neodymium glass laser, the petawatt laser with all infra-
structure elements resides in a laboratory with the area less
than 80 m2.

5. Prospects for expanding
to the multipetawatt range

As mentioned in Section 4, one of the advantages of OPCPA
lasers on DKDP crystals is the simplicity of scaling, which is
now limited only by the pumping pulse energy. Four large
projects are presently being implemented, which are aimed at
obtaining multi-petawatt power for OPCPA lasers.

First of all, there is the Russian project [45] of the Russian
Federal Nuclear Center (Sarov) with the participation of IAP
RAS. This project directly continues the research in [23]. In
addition to the laser, which is similar to that used in Ref. [23],
one more parametric amplifier was created on a DKDP
crystal with the diameter 200 mm. The system was pumped
by one of the channels of the Luch setup [46] (the energy of the
second harmonic radiation pulse was 1 kJ and the duration
was 2 ns). The master oscillator for the channel of the Luch
setup was the specially designed laser, which provided the
synchronization of the pump with both a femtosecond laser
and a laser that pumped previous cascades of the parametric
amplifier [47]. The maximum energy of a chirped pulse after
the output cascade of the amplifier was about 100 J [45]. The
efficiency of a four-grating compressor was 68%. It is
assumed that the work on pulse compressing will be finished
in 2008 ± 2009 with the output power about 2 PW.

In 2011, it is planned to finish the construction of a 10-
petawatt OPCPA laser at the Rutherford Laboratory (Great
Britain) [24]. For pumping two final amplifiers, two channels
of a Vulcano neodymium glass laser are used with the pulse
energy 600 J each. Similarly to [23, 45], ultrawide phase
matching is used in a DKDP crystal at the chirped pulse
wavelength 910 nm. This project is special in that the chirped
pulse is very long (3 ns).

Recently, two large Pan-European laser projects have
started up: HiPER (High Power laser Energy Research) [48]
and ELI (Extreme Light Infrastructure) [49]. The HiPER
project is aimed at investigating laser fusion at a relatively
moderate radiation energy that presses a laser target: less than
0.4 MJ for the second harmonic, in contrast to 1.8 MJ for the
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third harmonic using the NIF (National Ignition Facility)
setup [50]. Such energy `saving' is reached due to the use of
shorter pulses (of the order of 1 ps) with the energy from 150
to 2000 PW, in addition to nanosecond pulses, for igniting a
thermonuclear target. The ELI project is aimed at the
creation of a superhigh-power (50 ± 1000 PW) femtosecond
laser for carrying out unique scientific investigations. In these
Pan-European projects, similarly to the project in [45], the
architecture of a femtosecond laser used in [23] (parametric
amplification of chirped laser pulses with the central
wavelength 910 nm in a DKDP crystal) is considered optimal
for further scaling.

TheOPCPAdesign is not the only scheme intended for the
future creation of multipetawatt and exawatt lasers. It is
probable that sapphire crystals will be created with an
aperture of 30 ± 40 cm, or several types of neodymium glass
will be used for expanding the gain spectral width. There is a
very interesting concept concerning laser ceramics, a new
optical material that combines the advantages of glass and
single crystals. Laser ceramics has already made a substantial
contribution to lasers with high average power [51]. There are
numerous publications on femtosecond low-power ceramic
lasers. In high-power lasers, ceramics has not been used in
practice yet. However, ceramics-based lasers may compete
with neodymium glass lasers, sapphire lasers, and OPCPA
lasers.

In particular, a concept was suggested [52] for creating
ultrahigh-power femtosecond lasers based on Cr:YAG
ceramics, which combines the traditional principles (the
energy source is nanosecond pulses of a neodymium glass
laser, CPA) and new possibilities opened due to the use of
laser ceramics. It can be seen from Table 1 that Cr:YAG
ceramics has three key properties: a wide gain band, which
provides amplification of pulses with the duration down to
20 fs; a large aperture, which allows amplifying chirped pulses
to the multi-kilojoule level; and high conversion efficiency for
the narrow-band radiation of a neodymium glass laser. These
properties open up the possibility of creating a unique laser
with the peak power 100 PW at the pumping energy 10 kJ.
Although elements from Cr:YAG ceramics have not yet been
used as active elements, they are widely used [53, 54] in passive
Q-switches.

In addition to a wide aperture, a very important
advantage of ceramics is the possibility of producing active
media that cannot be grown as a single crystal. These are, for
example, sesquioxides of rare earth elements doped with
neodymium and ytterbium: Nd:Y2O3 [55], Nd:Lu2O3 [56],
(Nd,Yb):Sc2O3 [57], Yb:Y2O3 [58], and so on. In Ref. [59],
generation on Yb:Lu2O3 and Yb:Sc2O3 crystals was obtained
with the respective durations 65 and 70 fs. This suggests one
more variant for creating a multipetawatt laser: CPA in wide-
aperture (Nd,Yb):Lu2O3 or (Nd,Yb):Sc2O3 ceramics pumped
by flash lamps similar to neodymium glass lasers, which
exhibit a substantially longer pulse duration. Excitation is
transferred from neodymium ions to ytterbium ions, which
provides a wide band (direct pumping of ytterbium is only
possible by diode lasers, which hinders the possibilities of
scaling). Even wider spectral bands can be obtained by using
several oxide crystals (Sc2O3, Y2O3, Lu2O3, and so on)
simultaneously, similarly to the case of the simultaneous use
of different types of neodymium glasses [12, 50] or several
garnets with chromium ions [52]. Thus, new petawatt and
multipetawatt projects based on CPA in laser ceramics may
arise in the immediate future.

6. Conclusion

Petawatt lasers created all over the world will soon become
instruments for studying a new branch of knowledge, the
physics of extreme light fields [49]. In the future, petawatt
lasers may be used as accelerators of charged particles in
fundamental investigations and in military, technological,
and medical applications. Examples of the last one are
isotope facilities for positron-emission tomography and
compact, cheap sources of ions for hadronic therapy.

These and other potential applications, along with the
noticeable progress in petawatt laser technology, interest
commercial companies in expanding to the petawatt range,
which accelerates laser technology development. It is hoped
that in 5 ± 10 years, petawatt lasers (including OPCPA lasers)
will no longer be exotic and will become accessible in many
laboratories throughout the world.
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