
Abstract. The physical and laser properties of berylli-
um-containing BeAl2O4, BeAl6O10, Be3Al2Si6O18, and
BeLaAl11O19 oxide crystals doped with chromium and tita-
nium ions are studied. The Cr3�:BeAl2O4, Cr

3�:BeAl6O10,
and Ti3�:BeAl2O4 crystals were shown to compare favoura-
bly in physical and laser properties with the well-known laser
media and to be candidates for femtosecond laser systems.

Keywords: femtosecond lasers, solid-state active media, impurity
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1. Introduction

Considerable recent progress has been achieved in the éeld
of generation of ultrashort laser pulses. Optical pulses of
duration 4.5 fs were obtained, which corresponds approx-
imately to two oscillation cycles of the optical éeld [1].
Compact high-power femtosecond laser systems based on
chirped-pulse ampliécation (CPA) were built [2, 3], which
produce light êuxes with an intensity up to 1020 W cmÿ2

[4 ë 6]. All these achievements are related to a great extent
to the use of solid-state active media doped with impurity
ions with vibronic ampliécation bands [7].

In the majority of contemporary femtosecond laser
systems, Ti3�-doped sapphire crystals (Ti :Al2O3) are em-
ployed. This active medium possesses a relatively large
stimulated-emission cross section along with an extremely
broad vibronic ampliécation band in the 650 ë 1050 nm
region and a very high thermal conductivity, which is com-
parable with that of copper at low temperatures [7]. All this
makes a Ti :Al2O3 crystal a highly efécient medium for the

generation and ampliécation of ultrashort laser pulses and
for the development of terawatt femtosecond laser systems,
including those operating with a kilohertz pulse repetition
rate [8, 9].

In addition, femtosecond laser systems based on other
active media are also actively developed. These media in-
clude Cr4� :Mg2SiO4 forsterite crystals [10, 11], the Cr3� :
LiCaAlF6, Cr

3� :LiSrAlF6, and Cr3� :LiSrGaAlF6 crystals
[12, 13], and glasses and crystals doped with Yb3� ions [14].
Compared to Ti :Al2O3, these media exhibit higher quantum
eféciencies. In addition, they can be pumped by semicon-
ductor laser diodes, which signiécantly improves the eféci-
ency of a laser system as a whole. However, all of them have
narrower ampliécation bands and lower thermal conducti-
vities than the Ti :Al2O3 crystal.

Schemes combining different laser media in master
femtosecond lasers and amplifying stages permit the efécient
use of the advantages of different doped crystals [4]. An
analysis of the potentialities of the active media for the
production of terawatt femtosecond laser systems and lasers
emitting extremely short pulses calls for a comprehensive
investigation of the basic parameters, which determine the
capacity of the crystal matrices and the active ions to gene-
rate and amplify femto- and subfemtosecond laser pulses.

In this paper, we considered the possibility of using
beryllium-containing oxide crystals of the pBeOÿmAl2O3ÿ
nSiO2 seriesÿ BeAl2O4 chrysoberyl, BeAl6O10 beryllium
hexaaluminate, Be3Al2Si6O18 beryl, and BeLaAl11O19 be-
rylliumëlanthanum hexaaluminate crystals ë as Cr3� and
Ti3�-doped laser media. The Cr3�-doped beryl and beryl-
lium hexaaluminate crystals were shown to be candidates for
the amplifying stages of femtosecond laser systems and the
Ti3�-doped chrysoberyl crystal for the generation of ultra-
short pulses.

2. Speciéc features of spectral properties of
active media for femtosecond lasers

To eféciently produce and amplify ultrashort pulses, the
active media of femtosecond laser systems should possess
speciéc properties. The parameters of the media, which
determine these properties, can be divided into two groups:
the spectral-lasing and thermal physical parameters. The
spectral and lasing properties play the most important role,
because they determine the speciéc features of femtosecond
pulse generation and ampliécation. Note that the require-
ments on these properties are determined both by the ultra-
short-pulse parameters and physical processes employed in
the production and ampliécation of these pulses.
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At present, ultrashort pulses are generated in cw solid-
state lasers primarily by producing the soliton regime upon
a combined action of self-amplitude and self-phase modu-
lation due to the intracavity Kerr lens and the compensation
for the group velocity dispersion produced by dispersive
elements [15, 16].

Ampliécation bands of the active media in lasers
operating by the mechanism of Kerr-lens mode-locking
(KML lasers) should be érst of all broad enough to generate
femtosecond pulses. Moreover, the active medium of a
KML laser should provide the gain required for the
realisation of the Kerr mode-locking mechanism.

Analysis of the optimal conditions for Kerr-lens mode-
locking performed in Refs [17 ë 19] showed that the
eféciency of mode-locking depends on many parameters
and to determine it, the data are required on the active
medium, and also the parameters of the laser cavity, as well
as on its nonlinear and dispersive elements. For a conven-
tional Z-shaped cavity geometry of a KML Ti : Al2O3 crys-
tal laser, calculations yield the required intracavity power of
the order of 105 ÿ 106 W [16].

The ratio between the bandwidth Dn and the gain g(n) of
a laser required for producing such powers can be obtained
in the maximum-inversion approximation. In this case,
g(n) � s(n)N for the vibronic transition, where s(n) is the
emission cross section and N is the concentration of active
centres. Let us analyse the relation between g(n) and Dn
using the relation between g(n) and Dn. For a Gaussian
proéle of the vibronic luminescence band, the emission cross
section at the maximum of the ampliécation band is [20]

s(nmax� �
2

8p
ln 2

p

� �1=2 l
n 2

2 g1
g2

1

Dnefft
; (1)

where Dneff is the effective width of the emission band
related to the luminescence intensity Iem by the expression

Dneff � 2
ln 2

p

� �1=2� Iem n� �dn
Iem nmax� � ; (2)

gi are the statistical weights of the upper (i � 2) and lower
(i � 1) levels; n is the index of refraction; t is radiative
lifetime; and Iem(nmax) is the luminescence intensity at the
maximum.

This basic relation between the main spectral parameters
of the active medium can be represented as s(nmax) �
Maml

2=(tDneff n
2), where

Mam � s(nmax)tDneff �n=l�2 � �2=8p��ln 2=p�1=2 � 0:0374 (3)

is a constant common to all solid-state laser media with
Gaussian luminescence bands and g1 � g2.

Expression (3) permits one to determine from a given
pulse duration tp the relation between the lifetime and the
emission cross section of the active medium required for the
generation of a pulse of a given duration. To produce a
transform-limited pulse of the soliton type of duration
tp � 10 fs, the ampliécation bandwidth should be no less
than Dneff � 1000 cmÿ1. From expression (3) it follows that
for the active medium with n � 1:76 and l � 800 nm, we
have s(nmax)t � 7:7� 10ÿ25 cm2 s, i.e., for the excited-state
lifetime t � 3 ms, the emission cross section should be
s(nmax) � 2:57� 10ÿ19 cm2. This value agrees well with the
cross section s(nmax) for the 2Eÿ2T2 vibronic transition of

the Ti3� ion in a sapphire crystal [7]. Note that the cross
section sesa(n) for absorption from the excited state in the
spectral ampliécation region was not included in the ana-
lysis. In some cases, this absorption can narrow down the
ampliécation region, and the effective emission cross section
seff(n)= s(n) ë sesa(n) should then be considered [21].

Upon ampliécation of ultrashort pulses by the chirped-
pulse method, the main parameter that characterises the
eféciency of the active medium in CPA laser systems is the
limiting ampliéed radiation intensity Im (theoretical peak
power per square centimeter) [22]. Taking into account
expression (3), this parameter has the form

Im � Dneffhn=s�n� � 4p�p= ln 2�1=2�n=hc�2�hn�3tDn2eff : (4)

Based on relationships (3) and (4), we can state that the
requirement common to the active media upon CPA and
KML generation of femtosecond pulses is that the width of
the ampliécation band Dneff should be large. To generate
femtosecond pulses in KML lasers, it is important to have
the emission cross section large enough to obtain a high
intensity and realise the Kerr-lens mode-locking with the
formation of a soliton regime. At the same time, obtaining
the limiting peak intensities in CPA lasers requires, con-
versely, moderate values of the emission cross section to
exclude any limitations on the saturation energy upon CPA.

In accordance with expression (3), active media with
long excited-level lifetimes satisfy to a greater extent the
latter condition. For this reason, crystals and glasses doped
not only with ions of the iron group (Ti, Cr, etc., or 3d ions,
i.e., ions with the unélled d electron shell), but also with ions
of the lanthanide group (Nd, Yb, etc., or 4f ions) are
promising for the development of terawatt CPA laser
systems. Because of the speciéc features of the electron
shell élling, the ampliécation bands of ions of the lanthanide
group are narrower and, as a rule, excited-state lifetimes for
these ions are long. For instance, for the Yb3� ion in crystals
and glasses, t � 1 ms. This ion also has a very high quantum
eféciency Z � lab=lem, which can be as high as 0.98 in some
media. However, the width of the emission band does not
exceed 100 cmÿ1 even in disordered crystal matrices and
glasses, and therefore the minimum duration of ultrashort
pulses for Yb3�-doped media is about of 100 fs [14].

The methods for generation of pulses shorter than 10 fs
hold the greatest interest today [4 ë 6]. To generate 10-fs and
shorter pulses, the width of the ampliécation band should
exceed 1000 cmÿ1. This condition can be fulélled by using
solid-state matrices doped with d ions. Note that it is difé-
cult to obtain stimulated emission in ions of this type
because their upper unélled shell is not virtually covered
by other electron shells, as for f ions, resulting in a strong
dependence of its properties on the environment of an im-
purity ion in the matrix. In the case of a strong electron ë
phonon interaction, spectral transitions are strongly broad-
ened, leading to the formation of broad vibronic emission
bands that are appropriate for ultrashort pulse ampliécation
[7, 20, 23 ë 25].

In the single conégurational coordinate model (Fig. 1)
[24], the dependence of the width Dn of the ampliécation
band on the crystal éeld parameters of the active medium
determined by the electron ë phonon interaction is described
by the expression

Dn � 2

�
2�h

meoph

�1=2

mo2
phQ0

690 E V Pestryakov, A I Alimpiev, V N Matrosov



� 70

16
�21p)ÿ1=2 2�hoe

meo2
e

� �1=2
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Expression (5) was derived in a single-mode approximation
for the phonon spectrum assuming that Sg�hog � Se�hoe �
S�hoph and taking into account that for an octahedrally
coordinated ion in the active medium, the displacement Q0,
the crystal éeld parameter Dq and the Huang ëRhys factor
S [20, 24] are related as

10Dq � Eab �
350

16
�21p)ÿ1=2�Ze�hr 4i=Q 5

0 ; (6)

S�hoph �
1

2
�Eab ÿ Eem� �

1

2
meo

2
phQ

2
0 ; (7)

where Ze is the effective ion charge; r is the effective
ion radius; oph is the effective phonon frequency; o2

g;e �
kg;e=mg;e; kg;e � d2Ug;e=dQ

2; mg;e is the effective oscillator
mass in the ground (g) and excited (e) states; Ug(Q) and
Ue(Q) are the potential curves of the ground and excited
states; and Q is the conégurational coordinate (Fig. 1). The
parameter S gives the number of lattice photons �hoph in-
volved in the electron ë phonon interaction and is a
quantitative measure of the electron ë phonon interaction
[20, 24].

In this model, the limiting displacement Q0 at which the
emission on the transition is still observed, is determined by
the relation

10Dq > 4S�hoph � 2mo2
phQ

2
0 , (8)

and the nonradiative losses are determined by the activation
energy (Fig. 1)

DEa �
�10Dqÿ 2S�hoph)

2

4S�hoph
� 10Dqÿ 2mo2

phQ
2
0

4mo2
phQ

2
0

: (9)

Expressions (3) ë (8) show that to obtain broad emission
bands, crystals with a weak crystal éeld should be used. In
this case, the maximum of the ion emission spectrum will

shift to the red and the luminescence band will broaden
proportionally to Dqÿ1=5.

As for the thermal physical properties of the active
media of KML and CPA lasers, laser media with high
thermal physical parameters are required for the efécient
removal of heat released in the active element due to Stokes
and other linear and nonlinear losses. This is particularly
important for high-power lasers and systems operating at a
kilohertz pulse repetition rate [8, 9].

To quantitatively determine whether the thermal phys-
ical properties of an active medium allow its use in KML
and CPA laser systems, the thermal strength parameter [26]

Rt � wSt�1ÿ nP��Ea�ÿ1; (10)

can be employed. Here, w;St;E; nP, and a are the thermal
conductivity coefécient, the tensile strength, the Young
modulus, the Poisson coefécient, and the coefécient of
linear thermal expansion, respectively. As noted above, the
sapphire crystal ranks highest in this parameter Rt. The
high value of Rt for sapphire (Table 1) is one of the
advantages of this medium, which led to its wide use in
chirped-pulse ampliéers operating at kilohertz pulse repe-
tition rates.

Along with sapphire, a high thermal strength is inherent
in many beryllium-containing oxide crystals. Note that
virtually all beryllium aluminate crystals, whose family
also includes alexandrite, exhibit good thermal physical
characteristics [27 ë 30], because their basis is formed by
two pBeOÿmAl2O3 oxides, whose excellent thermal phys-
ical properties are well known [26].

Based on the above relations for the spectral and thermal
physical parameters of the active media of femtosecond
lasers, we analysed the eféciency of laser media which
gained the widest acceptance in the production of KML
and CPA laser systems. These parameters are presented in
Table 1 for the three best known laser media. Considering
the entire set of parameters of signiécance for CPA laser
systems, one can see that alexandrite crystals surpass even
Ti :Al2O3 crystals, all the more Cr : forsterite crystals.

Taking into account the relation between the spectral
characteristics of impurity ions and the crystal éeld param-
eters of solid-state matrices and considering the excellent
thermal physical properties of oxide beryllium-containing
compounds, we suppose that crystals of the pBeOÿ
mAl2O3 ÿ nSiO2 family are promising for fabricating new
laser media with broad emission bands for the ampliécation
and generation of femtosecond pulses in KML and CPA
lasers.

3. Active media for femtosecond lasers
based on Cr- and Ti-doped
beryllium aluminate crystals

3.1 Spectral properties of Cr and Ti ions

Among compounds of the pBeOÿmAl2O3 ÿ nSiO2 series,
BeAl2O4 chrysoberyl, BeAl6O10 beryllium hexaaluminate,
Be3Al2Si6O18 beryl, and BeLaAl11O19 beryllium ë lantha-
num hexaaluminate crystals were grown. The beryl crystals
were grown by the hydrothermal and gas-transport tech-
niques. The remaining crystals were grown by the Czochral-
ski technique on facilities with induction heating.
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Figure 1. Optical transitions between two nondegenerate states in the
conéguration-coordinate diagram of an impurity ion.
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The results of investigation of the physical properties of
beryllium aluminate crystals are presented in Table 2.
They show that all crystals under investigation possess,
as expected, excellent thermal physical parameters, the
BeAl2O4 and BeAl6O10 ranking highest. Because the phys-
ical and structural properties of the beryllium hexaalu-
minate crystal are close to those of chrysoberyl, it may
be referred to as `pseudochrysoberyl'.

The spectral characteristics of Cr and Ti ion-doped
crystals are shown in Figs 2 ë 5. The absorption, lumines-
cence excitation, and luminescence spectra are typical of
octahedral-coordinated trivalent Cr and Ti ions.

A characteristic feature of the excitation spectra of Ti-
doped crystals (Fig. 4) is the splitting of the upper excited 2E
state due to the Jahn ëTeller effect [31], which is strongest
for Ti ions in the BeAl6O10 crystal. The strong Jahn ëTeller
interaction is responsible for the splitting and the shift of the
split components of the upper potential curve of the ion
relative to the lower one, resulting in an additional broad-
ening of the emission band. The maximum width of the
ampliécation band for Ti ions is observed in the BeAl6O10

Table 1. Physical and spectral characteristics of several known oxide laser crystals.

Characteristic
Cr 4�:Mg2SiO4

[10, 11, 32 ë 34]
Ti 3�:Al2O3

[7, 26, 35]
Cr 3�:BeAl2O4

[26, 27, 35]

Density r
�
g cmÿ3 3.22 3.99 3.69

Mohs hardness 7 9 8.5

Heat capacity cp
�
J gÿ1 Kÿ1 0.74 0.75 0.83

Thermal conductivity coefécient w
�
W mÿ1 Kÿ1 5 42 23

Young modulus E
�
109 N mÿ2 210* 405* 446*

Poisson coefécient nP 0.24* 0.25* 0.3*

Linear expansion coefécient a
�
10ÿ6 Kÿ1 9.5 5.0 ë 6.0 6.0 ë 7.0

Tensile strength St

�
106 N mÿ2 220 440 520

Thermal strength parameter Rt

�
W mÿ1 420 5700 3100

Lasing bandwidth Dl
�
nm 1130 ë 1400 700 ë 1050 700 ë 790

Ampliécation bandwidth Dn
�
cmÿ1 1700 3800 1650

Wavelength at the maximum of the ampliécation band l
�
nm 1240 785 750

Emission cross section seff (10 ë 19 Ôm2) 1.15 2.77 0.07

Metastable-level lifetime t
�
ms

T � 77K 25 3.85 ë

T � 300K 2.7 3.0 260

Index of refraction n 1.63 1.76 1.74

Nonlinear index n2
�
10ÿ16 cm2 Wÿ1 2.0 3.2 2.9

Loss coefécient in the lasing region
�
cmÿ1 0.01* 0.001* 0.005*

Limiting radiation intensity Im
�
T W cmÿ2 71 104 1876

*Note: Data obtained with crystals grown by V NMatrosov.

Table 2. Physical characteristics of beryllium-containing oxides.

Characteristic BeLaAl11O19 Be3Al2Si6O18 BeAl6O10

Density r
�
g cmÿ3 4.17 2.68 3.74

Mohs hardness 7 7.5 8.5

Heat capacity cp
�
J gÿ1 Kÿ1 0.7 0.84 0.8

Thermal conductivity

coefécient w
�
W mÿ1 Kÿ1

10 5.6 12.5

Young modulus E
�
109 N mÿ2 379 200 381

Poisson coefécient nP 0.24 0.24 0.24

Linear expansion

coefécient a
�
10ÿ6 Kÿ1

6.0 ||a 2.6 ||c 6.8 ||a

Melting temperature T
�
8C 1850 1470 1830

Wavenumber
�
103 cmÿ1

30 28 26 24 22 20 18 16 14
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Ejjb

Ejja

BeLaAl11O19

3

350 400 500 600 700 800

Be3Al2Si6O18
Ejja

Ejjc

Ejjc

Ejjb
EjjaBeAl6O10

Wavelength
�
nm

A
b
so
rp
ti
o
n
(r
el
.u

n
it
s)

3

2

1

0

3

2

1

0

2

1

0

3

2

1

0

Figure 2. Absorption spectra of Cr3� ions.
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crystal, it exceeds the width of a similar band in the Ti:sap-
phire crystal by nearly a factor of 1.5. The spectral depen-
dence of the emission cross section for the 2Eÿ2T2 vibronic
transition of Ti3� ions in the BeAl6O10 crystal (Fig. 5) shows
that titanium ions in this crystal experience a strong Jahn ë
Teller interaction both in the excited and ground states. This
manifests itself in the characteristic double-humped shape of
the spectral curve arising from the Jahn ëTeller splitting of
the ground state.

The temperature dependences of the excited-state life-
times of titanium ions, given in Fig. 6, show that the
activation energy DEa is maximum for Ti in the chrysoberyl
crystal and is close to DEa in sapphire. In the remaining
crystals, the activation energy is lower, indicating an in-
crease in nonradiative losses with decreasing the crystal éeld

parameter Dq. For the same reason it is possible to trace a
trend towards broadening of the emission band in going
over from the BeAl2O4 crystal to BeAl6O10, which is related
to the increase in the electron ë phonon interaction.

The spectral and lasing characteristics of the Cr3� and
Ti3� ions in beryllium aluminate crystals are presented in
Tables 3 and 4, respectively.

3.2 Lasing properties of the Cr3� ion

The lasing properties of Cr3�-doped crystals were investi-
gated upon pulsed êashlamp excitation into the 4A2 ÿ4T2
(510 ë 690 nm) and A2 ÿ4T1 (380 ë 480 nm) absorption
bands. The pumping was performed with xenon êashlamps
made of fused quartz doped with cerium ions. Cerium ions
improve the pumping eféciency of Cr3� ions by converting
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Figure 3. Luminescence spectra of Cr3� ions.
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Figure 4. Excitation spectra of Ti3� ions in Be3Al2Si6O18 ( 1 ),
BeLaAl11O19 ( 2 ), BeAl2O4 ( 3 ), Al2O3 ( 4 ), and BeAl6O10 ( 5 ) crystals.
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the UV radiation of êashlamps to the radiation in the
absorption region of the 4A2 ÿ4T1 absorption band. This
allowed us to obtain a differential eféciency of about 1% at
the centre of ampliécation bands of the Cr:BeAl2O4 (750
nm) and Cr:BeAl6O10 (830 nm) crystal lasers with a cavity
containing a TF-8 glass dispersion prism. The dependences
of the output energy for each of these lasers on the pump
energy are plotted in Fig. 7, and the spectral dependences
of the gain are given in Fig. 8. Note that even when the
êashlamp pump pulse duration was not optimal (100 ms)
with respect to the excited-state lifetime (13.5 ms), a rather
high eféciency of lasing and a very broad ampliécation
band, located in the region from 780 to 920 nm, were
obtained in a Cr:BeAl6O10 laser.

The experimental data observed upon êashlamp excita-
tion suggest that by optimising the pump duration and
employing laser diode pumping at 650 nm, we can achieve a
quantum eféciency Z determined only by the Stokes losses:
Z � 650 nm/830 nm=78% for Cr:BeAl6O10 and Z � 650
nm/750 nm=87% for Cr:BeAl2O4. We emphasise that for
diode pumping, the most promising is a Cr:BeAl6O10 crystal
which can be easily doped with Cr3� ions at high concen-
trations without a signiécant sacriéce in the optical quality.
Also among the advantages of this crystal is the fact that its
4A2 ÿ4T2 absorption band is shifted to the red relative to the
absorption band of the Cr:BeAl2O4 crystal, allowing the use
of diodes emitting at 670 nm for pumping.

A cw lasing upon pumping an argon laser (at 488
and 514.5 nm) was obtained in Cr:Be3Al2Si6O18 and Cr:
BeAl6O10 crystals in a nonselective spherical cavity. Chro-
mium ions were excited into the short-wavelength wing of
the 4A2 ÿ4T2 absorption band, which is not very efécient for

Cr3� ions. We also obtained lasing in Cr:Be3Al2Si6O18 (l �
765 nm) and Cr:BeAl6O10 (l � 810 nm) crystal lasers at a
threshold pump intensity of 0.5 W. The high quality of
Cr :Be3Al2Si6O18 crystals grown by the hydrothermal tech-
nique makes them promising for laser systems pumped by
laser diodes emitting at 650 or 670 nm.

3.3 Lasing properties of the Ti3� ion

Stimulated emission of Ti3� ions was obtained only in
BeAl2O4 crystals, whose optical quality ensured relatively
low losses in the 700 ë 1000 nm range. The crystals of other

Table 3. Spectral and lasing characteristics of Cr3� ions.

Characteristic BeLaAl11O19 Be3Al2Si6O18 BeAl6O10

Luminescence range
�
nm 690 ë 890 690 ë 900 690 ë 1000

Wavelength of the lumi-

nescence maximum
�
nm

730 720 770

Index of refraction n 1.79 1.56 1.735

Metastable-level

lifetime (for T � 300 K) t
�
ms

10 60 13.5

Transition cross

section s
�
10ÿ20 cm2

1.0 3.4 6.0

Lasing range Dl
�
nm ë 720 ë 850 780 ë 950

Limiting radiation

intensity Im
�
TW cmÿ2

ë 400 551

Table 4. Spectral and lasing characteristics of Ti3� ions.

Characteristic BeLaAl11O19 Be3Al2Si6O18 BeAl2O4 BeAl6O10

Luminescence range
�
nm 650 ë 1050 630 ë 950 650 ë 1050 620 ë 1150

Wavelength of the luminescence maximum
�
nm 780 730 760 770, 900

Metastable-level lifetime t
�
ms:

T � 77 K 6.0 5.2 7.5 3.2

T � 300 K 4.5 1.0 5.0 1.7

Transition cross section s
�
10ÿ19 cm2 1.96 4.54 2.14 2.39

Wavelength at the maximum of the ampliécation band l
�
nm 815 740 780 905

Width of ampliécation band Dn
�
cmÿ1 3300 2500 3300 4600

Lasing range Dl
�
nm ë ë 710 ë 1070 ë

Limiting radiation intensity Im
�
T W cmÿ2 150 47 130 210

Pump energy
�
J

BeAl2O4

BeAl6O10O
u
tp
u
t
en
er
gy
� J 0.4

1
2 3

1

0.3

0.2

0.1

0 10 20 30 40 50 60 70

Figure 7. Dependences of the output energy on the pump energy for
Cr3� :BeAl2O4 (750 nm) and Cr3� : BeAl6O10 (830 nm) lasers and the
experimental setup: ( 1 ) mirrors; ( 2 ) doped crystal; ( 3 ) dispersion prism.
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Figure 8. Ampliécation proéles for êashlamp-pumped Cr3� : BeAl2O4

and Cr3� :BeAl6O10 lasers.
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beryllium aluminates doped with titanium ions were grown
with signiécant growth defects, which precluded conducting
experiments on the stimulated emission. Fig. 9 shows
tunable outputs of Ti3� :Al2O3 and Ti3� :BeAl2O4 lasers
obtained under similar conditions. In both cases, the same
three-mirror V-shaped cavity was used with a Lyot élter as
the tuning element. The active media were pumped by an
argon laser (at 488 and 514.5 nm). One can see that the
maximum of the ampliécation band of the Ti :BeAl2O4

crystal laser is shifted by 29 nm to the red as compared to
that of the Ti :Al2O3 laser, as expected according to the
single conégurational coordinate model.

Femtosecond pulses in the Ti :BeAl2O4 laser were
generated in the traditional way using a Z-shaped cavity
with a compensation for dispersion by two TF-8 glass
prisms. A Kerr-lens mode-locking with a pulse duration
of 75 fs was realised with a 15-mm long crystal pumped by
an argon laser. When crystals of higher optical quality are
employed, the ampliécation band of Ti :BeAl2O4 permits
obtaining pulses shorter than 10 fs [25].

4. Conclusions

Therefore, the Ti :BeAl2O4 crystal is the second active
medium in which stimulated emission of Ti3� ions was
obtained. The lasing was realised in the cw mode upon
coherent pumping and a Kerr-lens mode-locking. As a laser
medium, Ti :BeAl2O4 does not offer signiécant advantages
over Ti :Al2O3, the lasing parameters of both active media
being similar. The Ti :BeAl2O4 crystals may be used
primarily in KML lasers, because the requirements imposed
on the thermal physical characteristics in higher-power CPA
laser systems are more stringent, and chrysoberyl ranks
below sapphire in these parameters (see Table 1).

The Ti :BeAl6O10 crystal, which possesses an anoma-
lously broad ampliécation band, is of great interest for the
development of femtosecond laser systems. However, the
use of this crystal is presently limited due to the drawbacks
of the technology for growing crystals free from defects.

Among the laser media based on Cr3�-doped beryllium-
containing oxides, those that can be pumped by laser diodes
emitting in the 650 ë 670 nm region should be set aside.
These are the Cr:BeAl2O4; Cr:Be3Al2Si6O18, and
Cr:BeAl6O10 crystals, the Cr :BeAl6O10 crystal being the
most convenient for diode pumping. A broad ampliécation
band of this crystal of width 2600 cmÿ1 can provide, in the
case of a Kerr-lens mode-locking, extremely short pulses of
duration 4 fs.

In CPA laser systems, according to the experimental
data obtained here, most attractive for use as active media
are the Cr:BeAl2O4 and Cr:BeAl6O10 crystals. Both crys-
tals exhibit excellent thermal physical properties and can be
pumped by êashlamps or lasers. Estimates show that these
crystals can be used for building high-power terawatt fem-
tosecond laser systems.

Our investigations have demonstrated that beryllium
aluminate crystals doped with titanium and chromium ions
are promising media for the development of femtosecond
KML and CPA laser systems. It is possible to design com-
pact laser systems based on Ti :BeAl6O10; Cr:BeAl2O4, and
Cr:BeAl6O10 crystals, which can produce femtosecond
pulses and amplify them to terawatt intensities. Laser
systems of this type open up broad possibilities for studies
in the éeld of nonlinear optics of extremely short pulses and
relativistic laser physics. They also can be used in chemistry,
biology, medicine, and technology.
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