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1. INTRODUCTION

Petawatt-level laser pulses make it possible to
experimentally investigate highly nonlinear processes
in atomic, molecular, plasma, and solid-state physics
and to access previously unexplored states of matter.
The petawatt laser power was achieved as early as 1997
[1], based on chirped-pulse amplification in Nd:glass.
Until now, an additional four laboratories have reported
petawatt-level laser systems [2–5]. Many laboratories
are pursuing this power level [6–14], but any further
increase to 10 PW or more is limited by the following
principal conditions.

All devices and projects now available may be clas-
sified into three types, according to the gain medium
they employ: (1) neodymium glass [1–3, 8–12], (2) tita-
nium-sapphire [4, 13], and (3) optical parametric
amplifiers with KDP and DKDP crystals [5–7, 14] (see

Table 1). In all three types, energy (in the form of pop-
ulation inversion) is stored in neodymium ions in glass.
In the first case, this energy is directly converted into
the energy of a chirped pulse that is then compressed.
In the second and third cases, the stored energy is con-
verted into the energy of a narrowband nanosecond
pulse, which, upon second-harmonic conversion,
serves as the pump for chirped-pulse amplifiers. This
pump either provides population inversion in a Ti:Sa
crystal or is parametrically converted into chirped
pulses in the nonlinear crystal.

Peak power is determined by the duration and
energy of the compressed pulses. Maximum energy is
achieved in glass-based lasers, because energy that has
been stored as population inversion is directly con-
verted into a chirped pulse. However, the narrow band-
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Table 1.  

 

Comparison of known petawatt laser concepts and the proposed concept. Symbols “+”, “–”, and “0” denote advan-
tages, disadvantages, and the average in comparison with other concepts

1 2 3 4

Gain medium Nd : glass Ti : sapphire DKDP Cr : YAG ceramic

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

Pump no (+) 2

 

ω

 

 Nd (–) 2

 

ω

 

 Nd (–) 1

 

ω

 

 Nd (0)

Pump duration, ns no (+) >10 (0) 1 (–) >10 (0)

Amplifier aperture, cm 40 (0) 8 (–) 40 (0) >50 (+)

Minimum duration, fs 500 (–) 25 (+) 25 (+) 25 (+)

Efficiency (1

 

ω

 

 Nd  fs), % 80 (+) 15 (–) 10 (–) 25 (0)

Number of PWs from a 1-kJ 1

 

ω

 

 Nd 1.6(1.5)* 6(1.5)* 4 10

Maximum power obtained, PW 1.36 [1] 0.84 [4] 0.56 [4] –

 

* Optical breakdown of diffraction gratings and Ti:sapphire crystals limit maximum power to 1.5 PW.



 

2

 

LASER PHYSICS

 

      

 

Vol. 17

 

      

 

No. 11

 

      

 

2007

 

KHAZANOV, SERGEEV

 

width of Nd glasses typically restricts the compressed-
pulse duration to about 500 fs.

Ti:sapphire lasers have a large-gain bandwidth,
allowing pulse compression up to 10–20 fs. At the same
time, available crystal growth technologies can produce
Ti:sapphire crystals with an aperture of no more than
10 cm. When attempting to overcome the petawatt
energy level, such a small aperture will limit the
chirped-pulse energy due to optical breakdown and
self-focusing.

Parametric amplifiers are free of the above disad-
vantages. Current nonlinear KDP and DKDP crystals
have an aperture of 40 cm or more and the gain band-
width of the DKDP corresponds to a 10–20-fs duration

of the amplified pulse. At the same time, in parametric
amplifiers, the energy conversion efficiency of a
Nd:laser monopulse into a chirped pulse is typically
only at the level of 10%. Also, parametric amplifiers
require very-short (about 1 ns) pump pulse.

Thus, in existing approaches to petawatt and multi-
petawatt lasers, the peak power is limited either by the
bandwidth (neodymium ion lasers), the crystal aperture
(Ti:sapphire lasers), or the efficiency of the energy con-
version from a pump wave into a signal wave (lasers
with optical parametric amplifiers).

In this paper, we introduce a new concept, which is
based on the use of polycrystalline chromium-doped
ceramics as an active medium. Pumping may be either
by flash lamps or by the first harmonic of a nanosecond
Nd:glass laser. In the former case, the advantages are
evident, but there is also the significant drawback of the
short lifetime of chromium ions (e.g., 4.1 

 

µ

 

s at room
temperature and 25 

 

µ

 

s at liquid-nitrogen temperature in
Cr:YAG). This will require a greater (as compared to
Nd:glass lasers) number of flash lamps, since the
energy limit that the lamps can withstand is propor-
tional to the root of the current pulse duration. The first-
harmonic pump is free of this disadvantage, so we will
concentrate on this option below.

In contrast to the above-mentioned laser media,
polycrystalline chromium-doped ceramics such as
Cr:YAG, Cr:YSGG, etc., simultaneously have a large
bandwidth, a wide aperture, and a high conversion effi-
ciency of narrowband radiation of the first harmonic of
Nd:glass lasers. These properties open up the opportu-
nity to create a unique laser that would produce peak
power unattainable, in principle, by other techniques.

2. POLYCRYSTALLINE CR:YAG CERAMICS

Polycrystalline Cr:YAG ceramics combine the
advantages of laser ceramics and Cr:YAG single crys-
tals. Below, we discuss these advantages.

Polycrystalline laser ceramic, a new optical mate-
rial, has recently found wide application. Owing to the
flexibility of its fabrication technology, ceramics can be
made of various cubic crystals with different ions. In
some cases, it is simply impossible to grow a corre-
sponding single crystal. Many properties of laser
ceramics, such as absorption and emission spectra,
transition cross section, upper-level lifetime, tempera-
ture dependence of the refractive index, breakdown
threshold, chemical stability, etc., are close to those of
single crystals. At the same time, ceramics are highly
competitive with laser glasses in some parameters: the
possibility of making a large aperture (up to 1 m), con-
trollable activator distribution, high critical concentra-
tion of the activator, possible control of the physical,
chemical and spectroscopic characteristics, perfect
optical quality, and low cost. Therefore, ceramic mate-
rials have a unique set of properties that neither single
crystals nor glasses possess.

 

Table 2.  

 

Parameter of Cr:YAG crystal

Parameter Dimension Value

ground-state absorption cross 
section
@1064 nm, 

 

σ

 

gs

 

10

 

–19

 

 cm

 

2

 

70 [27]

60 [28]

(

 

T

 

 = 10 K)

37–77 (29)

50 [30–32]

38–51 [33]

30 [24]

25 [35]

8.7 [36]

laser transition cross
section, 

 

σ

 

ias

 

10

 

–19

 

 cm

 

2

 

7–8 [30, 31]

3.5 [28]

3.3 [37]

2.2–3.3 [38]

2 [39]

0.69–1.5 [40]

excited-state absorption 
crosssection @1064 nm, 

 

σ

 

es

 

10

 

–19

 

 cm

 

2

 

20 [27]

8 [29]

5 [30, 31]

3 [35]

2.2 [36]

2 [34]

<0.2 [33]

excited-state absorption 
cross section @1450 nm, 

 

σ

 

las_ab

 

10

 

–19

 

 cm

 

2

 

4–5 [30, 31]

0.8 [39]

0.7 [38]

0.05–0.82 [40]

excited-state lifetime
@300 K, 

 

τ
µ

 

s 4.1

excited-state lifetime
@77 K, 

 

τ

 

77

 

µ

 

s 25

lifetime at level after ESA, 

 

τ

 

*

 

µ

 

s 0.5 [27]

0.1 [30]
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The power of cw Nd:YAG ceramic lasers reached
1.5 kW in 2002 [15] and is now approaching 100 kW.
In ceramic lasers, not only cw generation, but also q-
switched [16, 17], pico-, and femtosecond generation
regimes [18, 19] were demonstrated. Lasing at different
wavelengths, including 1.3 micron, were obtained in
Nd:YAG ceramics [20]. To the best of our knowledge,
no Cr:YAG ceramic laser has been reported thus far,
though Cr:YAG ceramic elements have been used as
passive q-switchers [17, 21].

Since the late 1980s [22], Cr:YAG single crystals
have attracted much attention due to their unique prop-
erties that allow their use as q-switchers for neody-
mium lasers as well as active elements. Cr:YAG is
widely used for the creation of tunable and femtosec-
ond lasers in the near-IR range [23]. Passive q-switch-
ing in Cr:YAG lasers has been achieved not only by
Kerr lens mode-locking, but by synchronous pumping
[24] and semiconductor saturable absorber [25] as well.
By using dispersion-compensating double-chirped mir-
rors, 18-fs pulses have been generated [26].

The Cr:YAG crystal has a number of peculiarities
that considerably affect the processes of pumping,
amplification, and generation. These include, first, a
large pump absorption cross section and a small gain
cross section (see Table 2); second, excited-state
absorption (ESA) of pump and laser radiation (see
Fig. 1); third, saturation anisotropy associated with
selective excitation of chromium ions in three tetrahe-
dral sites that are distorted along the three orthogonal
crystallographic axes; and fourth, a high ratio between
radiative and nonradiative lifetimes of the upper-laser
level. The latter feature leads to a reduced lifetime,
which is important for the cw pump, but makes no sig-
nificant difference for amplifiers pumped by nanosec-
ond pulses.

3. LARGE CROSS SECTION OF PUMP 
ABSORPTION AND ESA

A small gain cross section of Cr:YAG makes it dif-
ficult to create single amplifiers with a high gain coeffi-
cient. Preamplification stages (from nJ to a few J) can
be careated as an optical parametric amplifier based on
a BBO crystal. When pumped by the second harmonic
of a neodymium laser, this crystal has ultra-broadband
phase matching in the range of 800–900 nm [41], and,
in this case, an idler wave falls into the gain bandwidth
of Cr:YAG. For the next stages, multiple-pass amplifi-
ers can be used that do not require high-gain single-pass
coefficients.

To create power amplifiers from 10 J to kilojoules, a
more difficult problem is that 

 

σ

 

gs

 

 is large, rather than 

 

σ

 

gs

 

being small, and, in particular, that 

 

σ

 

las

 

 

 

�

 

 

 

σ

 

gs

 

 and,
hence, 

 

E

 

slas

 

 

 

�

 

 

 

E

 

spump

 

. (Note that the ratio of these cross
sections is inverse to that in the Ti:sapphire crystal, see
Table 3). The values of 

 

σ

 

gs

 

 (and, therefore, 

 

E

 

spump

 

 =

 

h

 

ν

 

/

 

σ

 

gs

 

) reported in the literature vary by more than one

1

 

order of magnitude (see Tables 2 and 3). In the creation
of a multipetawatt Cr:YAG laser, most problems will
come at maximum 

 

σ

 

gs

 

; therefore, here and below, we
shall assume the largest 

 

σ

 

gs

 

 = 70 

 

×

 

 10

 

–19

 

 cm

 

2

 

 in accor-
dance with [27].

Because of 

 

σ

 

las

 

 

 

�

 

 

 

σ

 

gs

 

 and a large value of 

 

σ

 

gs

 

, a
highly efficient Cr:YAG amplifier will require (1) a
high area ratio of pump beams and amplified wave

 

S

 

slas

 

 

 

�

 

 

 

S

 

spump

 

 and (2) a pump energy density exceeding

 

E

 

spump

 

, which requires the suppression of ESA. The first
requirement can be met by choosing the appropriate
geometry of the active medium—either a slab, a side-
pumped rod, or several disks (Fig. 2).

The values of the ESA cross section of pump radia-
tion 

 

σ

 

es

 

 and laser radiation 

 

σ

 

las_ab

 

 reported in publica-
tions vary even more than 

 

σ

 

gs

 

. All literature data are
summarized in Table 2. Most authors mention large val-
ues for the ESA of pump radiation [27, 29–31, 35, 42,
43]. On the contrary, in [33], the authors claim that the
ESA of the pump radiation is negligible. Measurements
of 

 

σ

 

las_ab

 

 in all publications are indirect and also
extremely varied (see Table 2). The ratio 

 

σ

 

las_ab

 

/

 

σ

 

las

 

 var-
ies less, but needs further investigation in any case. If
we assume that 

 

σ

 

las_ab

 

/

 

σ

 

las

 

 = 0.3, the effective stored
energy decreases by about 30%, so that the efficiency of
the laser amplifier decreases by 30% as well.

In the case of the ESA of the pump beam, estima-
tions show that, at a pump energy density five times
higher than 

 

E

 

spump

 

, the pump energy losses by ESA will
be 20–30% (we assume the worst data from [27]). For
a disk with an 80 

 

×

 

 40 cm

 

2

 

 aperture at two-side pump-
ing, this value corresponds to a pump energy of 830 J.

 

E
ne

rg
y

Laser

 

σ

 

las

 

Nonradiative
decay

 

τ

 

*

ESA

 

σ

 

es

 

, 

 

σ

 

es_las

 

GSA

 

σ

 

gs

 

Fig. 1.

 

 Schematic diagram of Cr:YAG levels.
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To increase this energy at the same ESA-induced
energy loss level, the following measures seem promis-
ing. First, temporal matching between the pump pulse
and the amplified wave will decrease the population of
the upper-laser level. Second, it is advisable to arrange
several passes of the amplified light if the pump is
delivered between the passes, for instance, as a pump-
pulse duration equal to the total time of all passes of the
signal through the amplifier. As a result, at the same
power losses by ESA, the pump energy will be
increased by a number of times equal to the number of
passes. Moreover, Cr:YAG ceramic active elements
may be placed directly in the beam path of multiple-
pass Nd:glass amplifiers.

In addition, a decrease of 

 

σ

 

gs

 

 in ceramics may be
expected due to saturation anisotropy in Cr:YAG,
because the orientation of the crystallographic axes in
each grain is random. An accurate model of the absorp-
tion in Cr:YAG ceramic, which would take into account
the anisotropy of the absorption saturation, has not been
developed. Estimations can be made by using the well-
known model for an arbitrarily oriented single crystal
[44]. If we assume an orientation with the laser wave

field directed along the diagonal of the cubic lattice, we
can show that the absorption is described by the Frantz–
Nodvik formula [45] at the effective cross section of

 

σ

 

gs

 

/3. For the [001] orientation, the effective cross sec-
tion will vary from 

 

σ

 

gs

 

 to 

 

σ

 

gs

 

/2, depending on the polar-
ization direction. In the stationary case, averaging the
expressions presented in [46] over all possible orienta-
tions results in a twofold decrease in 

 

σ

 

gs

 

. The question
of precisely how much the decrease in 

 

σ

 

gs

 

 (and, conse-
quently, an increase in 

 

E

 

spump

 

 in Cr:YAG ceramics)
needs further investigation. But, in any case, the
decrease in 

 

σ

 

gs

 

 considerably lowers the above limita-
tions. Note that the cross section of 

 

σ

 

es

 

 will decrease by
the same numbers as 

 

σ

 

gs

 

. Also, further investigation
should be done to measure the laser and ESA cross sec-
tions for orthogonally polarized beams [33, 35, 39].

4. CHROMIUM IONS IN MATRICES
OF OTHER CUBIC CRYSTALS

The YAG crystal is not the only crystal in which
chromium ions have a broadband emission spectrum. A
large number of garnets are available and some of them
have a set of properties that are not inferior to those of
YAG (see Table 3). For example, the effect of ESA is
almost completely excluded in the Cr:YSGG crystal,
for which σgs = 11σes [27]. In addition, the absolute
value of σgs in Cr:YSGG is much lower than in
Cr:YAG, while the value of σlas is higher. This combi-
nation of parameters makes Cr:YSGG a very promising
laser material. For instance, in a disk with an aperture
of 80 × 40 cm2, the energy losses of about 20–30% will
occur at a pump energy of 3.6 kJ. Note that, in contrast
to YAG, there is almost no selective excitation of chro-
mium ions in YSGG [47].

Table 3.  Parameters of various Cr4+-doped garnets: λmax is a wavelength with a maximum gain cross section, ∆λ is the gain
bandwidth. For Cr4+ : YAG parameters see also Table 2

Lattice Abbreviation λmax, nm 
[37]

∆λ, nm 
[37] τ, µs [37]

σlas ,
10–19 cm2

σgs,
10–19 cm2 [27]

σes,
10–19 cm2 [27]

Lu3Al5O12 LAG 1370 232 5.6 3.4

Y3Al5O12 YAG 1378 224 4.1 3.3 70 20

Y3ScxAl5 – xO12 YSAG (x = 0.22) 1397 233 4.1 3.1

YSAG (x = 0.48) 1407 237 3.3 3.3

YSAG (x = 1.20) 1468 268 2.0 4.1

YSAG (x = 1.50) 1508 303 1.5 4.5

YSAG (x = 1.72) 1593 298 1.4

Y3Ga5O12 YGG 1456 238 1.9 4.3

Gd3Ga5O12 GGG 1442 231 2.2 4.5 58 13

Gd3Sc2Al3O12 GSAG 1599 276 1.7 4.8

Y3Sc2Ga3O12 YSGG 1561 279 1.3 5.2 45 4

Gd3Sc2Ga3O12 GSGG 1582 299 2.0 3.6

Ti:sapphire 760 250 3.1 4.5 0.2–0.5

415 J 415 J 415 J 415 J

415 J 415 J 415 J 415 J

Fig. 2. Amplifier geometry (example).
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The central wavelength of the laser transition is dif-
ferent in different crystals (see Table 3). Therefore, one
may use combinations of different crystals to addition-
ally broaden the gain bandwidth, by analogy, with
amplification of broadband pulses in different types of
Nd:glass. The total gain bandwidth of Cr:YAG and
Cr:YSGG is almost two times broader than in YAG
(Fig. 3).

5. EXAMPLE OF A 100-PETAWATT LASER

As an example, we present estimations for the max-
imum energy parameters of a femtosecond Cr:YAG
ceramic laser pumped by the high-power laser fusion
facility “Luch” [48] producing a 3.3-kJ pulse energy at
1053 nm in one of its channel. When four Cr:YAG disks
with a 80 × 40 cm2 aperture are pumped (Fig. 2), the
stored energy in each disk will be 450 J. Here, we took
into account the quantum defect and ESA-induced
losses of 30% (either by pump ESA or by laser ESA,
see above). At the Brewster’s angle, the small signal-
gain coefficient for each disk will be 1.39 per pass, i.e.,
1.93 after reflection (we assumed Espump = 0.5 J/cm2).
For the input energy of Win = 20 J, the output energy
will be 1100 J. After compression with 75% efficiency,
the energy of the femtosecond pulse will be 800 J,
which corresponds to a 32-PW power for a 25-fs pulse.
In these estimations, we assumed σgs = 70 × 10–19 cm2

for Cr:YAG. The same output parameters can be
obtained for only one Cr:YSGG disk. An input energy
as small as Win = 2 J will be needed, because of the
large-gain cross section of Cr:YSGG.

When all four channels of the Luch facility are used,
the compressed-pulse power will exceed 100 PW. Note
that neither optical breakdown nor self-focusing in
ceramic disks limit the output intensity.

6. CONCLUSIONS

The suggested concept of superpowerful femtosec-
ond lasers based on Cr:YAG (or Cr:YSGG) ceramics

combines traditional principles (the energy source is
nanosecond Nd:glass laser pulses, CPA) with possibili-
ties offered by laser ceramics for new optical materials.
Polycrystalline Cr:YAG ceramics simultaneously com-
bine three key properties: a large-gain bandwidth to
amplify pulses of up to 20 fs, a wide aperture to amplify
chirped pulses up to the multikilojoule level, and a high
efficiency of conversion for a narrowband Nd:glass
laser pump. These properties open up the opportunity
for creating a unique laser with peak powers unattain-
able by any other techniques.
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