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Optical Amplification Characteristics of Cr:LiSAF
and Cr:LiCAF under Flashlamp-Pumping

P. Beaud, M. C. Richardson, Y.-F. Chen, and B. H. T. Chai

Abstract— Small-signal gain measurements of flashlamp-
pumped Cr-doped LiSAF and LiCAF are summarized for
a range of material parameters. Flashlamp pumping allows
efficient energy storage for both materials in the order 1.6 to
2.6% of the electrical pump energy. Small-signal gain values of
up to 0.16cm™" are measured for Cr:LiSAF and 0.09 ecm™? for
Cr:LiCAF. The gain of both materials is found to be affected
by excited state absorption and upconversion. In addition the
implications of these results for the design of laser/amplifier
systems are discussed.

I. INTRODUCTION

iSTAIFg:Cr3* (CrLiSAF) [1] and LiCaAlFg:Cr®t

(Cr:LiCAF) [2] are two new additions to a series of
new tunable near-infrared laser materials. Currently, the most
prominent of these are Ti:sapphire [3] and Alexandrite [4].
Both of these laser materials have attractive laser properties,
but they also possess some drawbacks that can be overcome
by using Cr:LiSAF or Cr:LiCAF. Ti:sapphire has a high
emission cross section and an extremely large emission
bandwidth, providing tunable laser radiation from ~700 nm to
beyond 1 pm. However, it has a relatively short excited state
lifetime of ~3 us [3], making flashlamp pumping inefficient.
A Ti:sapphire laser therefore requires a second laser such as
an argon ion laser or a frequency-doubled neodymium laser as
a pump source. In contrast to Ti:sapphire, alexandrite can be
efficiently pumped with flashlamps, allowing the construction
of compact laser and amplifier systems, but this material
must be heated above ambient temperature for optimum
performance. In addition it suffers from strong thermal lens
effects which makes difficult the achievement of high output
powers in a diffraction-limited spatial mode [4].

Cr:LiSAF and Cr:LiCAF both possess suitable properties
for the generation of high-energy tunable radiation in the
near infrared. They exhibit small thermal lensing [5}-[7], a
high damage threshold [6] and a sufficiently long upper-state
lifetime to ensure efficient energy storage. Furthermore laser
rods of diameters up to 25 mm can now be fabricated, an
important consideration for the design of high-energy lasers
and amplifiers. The relatively long upper-state lifetime of
Cr:LiSAF and Cr:LiCAF, 67 us [1] and 170 us [2], respec-
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Fig. 1. Experimental set-up. P: polarizer; WP: waveplate; A: aperture; PD:
photodiode.

tively, makes it possible to efficiently pump these materials
with flashlamps. Laser action of flashlamp-pumped Cr:LiSAF
[8] and the use of flashlamp-pumped Cr:LiSAF amplifiers for
chirped pulse amplification of femtosecond pulses [91-[14]
have been recently demonstrated. Cr:LiSAF and Cr:LiCAF
have also been shown to be amenable to diode laser pumping
using semiconductor lasers operating near 670 nm [15]-[17]
and at 752 nm [18]. However, the technology for high-power
generation and amplification using laser diode pumped Cr-
doped LiSAF or LiCAF has yet to be developed.

With the development of high-power laser systems using
Cr:LiSAF and Cr:LiCAF, it becomes increasingly impor-
tant to assess the optical gain properties of these materials.
Whereas the optical spectroscopic data [1], [2], [19], the
crystallographic structure [20], [21] the thermo-mechanical
and thermo-optical properties [5]-{7] and the optical damage
limits [6] have been studied, no detailed investigation of
the small-signal gain properties of these materials has been
reported yet to our knowledge. The small-signal gain of
both of these materials is moderate compared to Ti:sapphire.
Moreover, preliminary results have shown that it is affected
by excited-state absorption [22]-[24] and upconversion [23],
[25]. For these reasons an exact knowledge of the amplifi-
cation characteristics of these materials is indispensable for
the design of high-power, flashlamp-pumped, laser systems
using Cr:LiSAF or Cr:LiCAF. In this paper we report small-
signal gain measurements of Cr:LiSAF and Cr:LiSAF under
flashlamp pumping, discuss the influence of excited-state ab-
sorption (ESA) and upconversion, and present results of radial
gain distribution measurements in a large, 25-mm diameter
Cr:LiSAF rod. Finally we will discuss the implications of our
experimental results for the design of laser/amplifier systems.

II. SMALL-SIGNAL GAIN
MEASUREMENTS: EXPERIMENTAL SET-UP

The small-signal gain is measured by probing cylindrical
rods with a CW Ti:sapphire laser tunable in wavelength from
780 to 900 nm (Fig. 1). This tuning range covers the spectral
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emission range of Cr:LiSAF and most of that of Cr:LiCAF.
The small-signal gain is measured by probing cylindrical rods
of 4 mm diameter and 65 mm length situated in a conventional
laser pump cavity. The laser head houses two flashlamps each
having an arc length of 56 mm. The axis formed by the
flashlamps is orthogonal to the c-axis. The flashlamps are
close coupled and surrounded by a high-brilliance magnesium
oxide diffuser. The flashlamps are energized by a power supply
consisting of a simmer capacitor bank with a capacitance of 30
uF and a controller. The simmer mode operation increases the
flashlamp lifetime and pumping efficiency, reduces magnetic
interference radiation, and allows the lamp status to be con-
trolled. This unit can operate at a maximum voltage of 1.83
kV and delivers an energy of up to 50 J. The flashlamp pump
duration (FWHM) is 130 us, sufficiently short to efficiently
pump the Cr:LiSAF and Cr:LiCAF rods and long enough to
ensure the flashlamp lifetime. Although we use as a coolant an
equal mixture of water and ethylene glycol to prevent erosion
of the crystal [8], we have observed material erosion operating
a Cr:LiSAF laser over a long time. After a 12-month period,
the diameter of a 1.4% Cr-doped rod has decreased from
initially 4 mm to 3.1-3.5 mm, with the greatest material loss
occurring at the position of the O-rings.

The small-signal gain is determined by transmitting a small
fraction of the Ti:sapphire beam through the rod and mea-
suring the amplification during flashlamp operation using a
photodiode and an oscilloscope. Two pinholes separated by
approximately 2 m are used to reduce the contribution of
fluorescence to the signal. In addition, the remaining fluores-
cence signal is measured in the absence of the probe beam
and is then subtracted from the signal.. The two pinholes
are adjusted so that they are not clipping the transmitted
probe beam, which would be very sensitive to changes to
the transmitted beam by pump-induced effects such as ther-
mal lensing or optical bending. Thermal lensing effects in
Cr:LiSAF and CR:LiCAF are small [5]-[7]. Moreover, if
there would be significant thermal lensing in the rod that
could cause enough defocusing to cut part of the probe
beam at the exit pinholes, this would lead to transmission
changes of the CW probe beam. Such transmission changes
of the CW probe beam should be observed in our exper-
iment between the pump intervals since the thermal relax-
ation time is estimated to be in the order of hundreds of
milliseconds, which is much longer than the pump pulse.
We do not observe any pump-induced change of the am-
plitude of the transmitted beam in our experiment. A half-
wave plate is used to rotate the polarization of the probe
beam, allowing the measurement of the small-signal gain for
both polarizations separately. Because the laser pump cavity
used in this experiment is optimized to efficiently pump
Nd-doped materials, its flowtube is doped with Samarium,
which has a strong absorption band at 400 nm that signif-
icantly overlaps with the A, —* Tja absorption band of
Cr:LiSAF and Cr:LiCAF. We estimate that an approximately
30% higher pump efficiency, as reported in this paper, can
be obtained using a laser head optimized to efficiently pump
these materials. We have designed double flashlamp-pumped
laser modules specifically for Cr:LiSAF and Cr:LiCAF with
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Fig. 2. Small-signal gain at 850 nm versus electrical energy in Cr:LiSAF
for w-polarized light for Cr 3+ concentrations of 0.8, 1.4, 2, and 5.6%.

Cerium-doped glass flashlamps giving better pump efficien-
cies.

III. SMALL-SIGNAL GAIN MEASUREMENTS: RESULTS

A. Small-Signal Gain of Cr:LiSAF

We first measured the small-signal gain of Cr:LiSAF for
0.8%, 2% and 5.6% Cr*"-concentrations. (Note, that all the
concentration values used throughout this paper refer to the
estimated actual chromium concentration of CrF3 replacing
AlF3 in the laser rod, and not to that of the initial melt as
some authors do.) The results obtained with all four rods are
shown in Fig. 2. The incoming light is polarized parallel to
the c-axis (7 polarization), the polarization with the higher
emission cross section. The wavelength is tuned to 850 nm, the
maximum of the gain curve. For the 2% sample we measure a
small-signal gain value of 0.16 cm™! at a pump energy of 50
J. We expect the optimum dopant concentration for a 4-mm
rod to be between 1.4 and 2%. The chromium concentration
of the 5.6% sample is clearly too high as shown in Fig. 2. The
gain in the center of the rod has decreased compared to the
lower-doped samples. The measured single pass loss at 850 nm
for the four samples was 7.1%, 15.3%, 13.7%, and 17% for
the 0.8%, 1.4%, 2%, and 5.6% samples, respectively. These
numbers include also the reflection losses, since the rods were
not antireflection-coated. Fig. 2 shows clearly a saturation of
the small-signal gain curve with increasing pump energy. As
we will discuss in the next section the saturation of the gain
with increasing pump energy is mostly due to upconversion
[23], [25] but ground-state bleaching, excited-state absorption
(ESA) at the pump wavelength [26], and saturation of the
flashlamp pump energy may also contribute to this effect.

The spectral dependence of the small-signal gain is shown
in Fig. 3 for both polarizations. The maximum gain for =
polarization is found around 850 nm, as is expected from the
previously published wavelength dependence of the emission
cross section [1]. The steeper decay of the gain towards
lower wavelengths is due to the increasing edge of the broad
absorption band centered at 640 nm corresponding to the
4Ao — 4Ty transition, the transition from the ground state
into the upper laser level. The wavelength dependence of
the emission for o polarization is identical to that for =
polarization, but with a three times smaller cross section [1].
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Fig. 3. Small-signal gain of Cr:LiSAF versus wavelength at an electrical
input energy of 50 J for both polarizations.

We therefore would expect the small-signal gain values for o
polarization to be approximately one third of those of the 7
polarization. Surprisingly (at first sight), as shown in the lower
curve in Fig. 3, the small-signal gain value for o-polarization
is an order of magnitude smaller than for the 7 polarization and
decreases linearly with increasing wavelength. Moreover the
gain becomes negative for wavelengths above 845 nm. This
serious pump-induced loss mechanism is due to excited-state
absorption, as we will discuss in more detail in section IV.A.

An interesting property of a new laser material is its capacity
to efficiently store the input energy. Our results demonstrate
for  -polarization a maximum small-signal gain of 0.16 cm™!
at an electrical input energy of 50 J for a rod having chromium
concentration of 2%. Using this value and the effective gain
cross section, which we will evaluate in section IV.A, of
3.2-102°cm? we obtain an inversion density n = g/oeq
of 5-108 cm~3 (g is the measured small-signal gain). This
corresponds to an inversion of 2.8% of the Cr ions and
to a stored energy density of 1.2 Jem™2 in the center of
the rod. Assuming a homogeneous pumping (we estimate
that homogeneous pumping is achieved for Cr concentrations
between 1.4 and 2% for 4-mm rod diameter) we calculate
with these numbers an overall pump efficiency (stored energy
versus electrical input) of 1.6%. The corresponding values for
the stored energy in the center of the rod at the same pumping
level are 0.92 Jem~2 and 0.73 Jem ™2 for the 0.8% and 1.4%
doped rods, respectively.

B. Small-Signal Gain of Cr:LiCAF

Fig. 4 shows the small-signal gain of Cr:LiCAF versus elec-
trical input energy for both polarizations. The actual chromium
concentration in the rod is 2.6% and the probe wavelength
is tuned to 785 nm close to the maximum of the gain
curve at 780 nm. A small-signal gain value of 0.09 cm™!
for m polarization and 0.05 cm~! for o polarization was
measured at a pump energy of 50 J. The saturation of the
gain with increasing pump energy is much less pronounced
than that observed with Cr:LiSAF (see Fig. 2). In contrast
to Cr:LiSAF the passive losses in Cr:LiCAF were found to
be significantly dependent on the polarization. The measured
single-pass losses, including the reflection losses, are 25%
and 15% for the m and o polarization, respectively. At the
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Fig. 4. Small-signal gain of the 2.5% chromium-doped LiCAF rod at 785
nm versus electrical input energy for both polarizations.

present time we do not understand this significant polarization
dependence of the loss.

The small-signal gain was 0.09 cm™! at an electrical input
energy of 50 J for a chromium concentration of 2.5%. Using
this value and the effective gain cross section, which we
will evaluate in section IV.C, of 8.9 x 10721 cm? [2] we
deduce an inversion density n = g/oeg of 1 x 101° cm™3.
This corresponds to an inversion of 2.9% of the Chromium
jons and to a stored energy density of 2.6 Jem™3. Assuming
homogeneous pumping we calculate with these values an
overall pump efficiency (stored energy versus electrical input)
of 3.6%. Due to the longer upper state lifetime the stored
energy in Cr:LiCAF of 2.6 Jem™? at a pump energy of 50 J is
significantly higher than the corresponding value of 1.2 Jem™3
of the 2% doped Cr:LiSAF rod. (Because of its significantly
lower absorption cross section, a 2.6% Cr:LiCAF rod has
approximately the same pump light absorption as a ~1.8%
Cr:LiSAF rod.y While its storage efficiency is higher, the
measured small signal gain of Cr:LiCAF of 0.09 cm~1 is
significantly lower than the corresponding value of 0.16 for
the 2% Cr:LiSAF rod.

The wavelength dependence of the small-signal gain of
Cr:LiCAF is shown in Fig. 5 for both polarizations. The
maximum gain of this material occurs at a wavelength of ~780
nm [2]. Unfortunately, the small-signal gain Ti:sapphire probe
laser did not cover the complete spectral range of Cr:LiCAF.
However, we are able to measure the small-signal gain of
Cr:LiCAF over a large range from 780 to 920 nm. In this
spectral range the gain decreases with increasing wavelength.
At approximately 895 nm for w-polarized light and at 865 nm
for o-polarized light the small-signal gain becomes negative.
As explained in Section IILB, we believe this to be a strong
indication of excited-state absorption.

C. Gain Distribution in a 25-mm-Diameter Cr:LiSAF Rod

In order to use Cr:LiSAF as an amplifier, a knowledge of
the gain distribution throughout the whole aperture of the rod
is of special interest. We measured the gain distribution on a
large-aperture Cr:LiSAF rod with a diameter of 25 mm and
a length of 118 mm. This rod was fabricated from a single
boule of Cr:LiSAF measuring approximately 130 mm long by
35 mm diameter. The rod is of good optical quality. A wave
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Fig. 5. Small-signal gain of Cr:LiCAF versus wavelength at an electrical
input energy of 50 J for both polarizations.
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Fig. 6. Measured gain distribution of the 25-mm-dimeter Cr:LiSAF rod at
a pump energy of 1.8 kJ. The circles and the triangles represent data by
translating the beam along and perpendicular to the c-axis.

distortion of less than a 1/2 wave rms is measured across
the aperture over the full length of the rod. Although the
rod contained the boule core, no beam deteriorating effects
were observed in the center of the rod. The gain distribution
was measured with a 200-mm long 8-flashlamp, close-coupled
amplifier module operating in a single-shot mode with a
maximum electrical input energy of 5 kJ in a 300-us-long
flashlamp pulse. For this pumping configuration we found a
homogeneous gain distribution for a chromium concentration
of 0.6% (chromium replacing aluminum). The measured gain
distribution is homogeneous over the whole aperture of the
rod, as shown in Fig. 6.

IV. EXCITED STATE ABSORPTION AND UPCONVERSION

The polarization of the small-signal gain of Cr:LiSAF
observed in the small-signal gain experiments strongly suggest
that a significant loss mechanism is present in this laser
material. As we will discuss in this section this loss mechanism
can be interpreted as a result of ESA. ESA at the laser
wavelength significantly reduces the small-signal gain, which
in presence of ESA is given by

g = Nz(0. — 0EsA) 4.1)

where o, is the emission cross section and oggs the cross
section for excited state absorption. We will show that ESA
at the emission wavelengths leads to a reduction of the gain
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for m-polarized light of approximately 30% for Cr:LiSAF and
26% for Cr:LiCAF. Other effects, which may affect the optical
gain of a material, such as ESA at the pump wavelengths and
upconversion, will also be briefly discussed in this section.
Fig. 7 shows a schematic energy band diagram of Cr:LiSAF
and Cr:LiCAF to facilitate the discussion in this

A. ESA in Cr:LiSAF

The small-signal gain measurements for o-polarization
show that the gain at this polarization is more or less canceled
over the whole emission range of Cr:LiSAF. As we have
discussed in [24] this loss mechanism is due to excited-state
absorption (ESA) from the 4T} to the *T;a excited state. ESA
at the emission wavelength reduces the emission cross section
to an effective gain cross section oeg, wWhich is given by

g7 (\)

T (V) = 0T (N) = B = L

4.2)

where the upper scripts stand for the two polarization states.
Ny is the density of the upper level population, and g is
the measured small-signal gain. The o-polarized gain be-
comes negative at ~845 nm (see Fig. 3 lower curve). At
this wavelength the excited-state absorption cross section
ogsa therefore equals the emission cross section. From the
knowledge of the latter at this wavelength [1] the ESA cross
section is 0§gy = 02 = 1.6 - 1072 cm?.

Although ESA suppresses the gain of Cr:LiSAF for o-
polarized light, there is no evidence of strong ESA for «-
polarized light. However ESA may lead to some reduction
in the small-signal gain for w-polarization. Theoretical pre-
dictions [27] suggest that the ESA cross section ggsa()) is
unpolarized for Cr:LiCAF. Since Cr:LiSAF is a very similar
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Fig. 8. Wavelength dependence of the ESA cross section (circles) and of
the effective gain cross section for 7 (iriangles) and o polarizations (squares)
of Cr:LiSAF.

crystal, we can expect that ESA in Cr:LiSAF is likewise
independent of polarization [28]. Under this assumption, and
using the value of oggs evaluated above, the emission cross
section o7 of 4.8 - 10720 cm? for w-polarization at 845 nm
[1] reduces by ~33% to an effective gain cross section
0% (= 0F — omsa) of 3.2:1072% cm?. Approximately 30%
larger values for the ESA cross section of Cr:LiSAF have been
reported in [23] performing a similar experiment with higher-
doped Cr:LiSAF, somewhat higher pump densities, and using
a laser pump source instead of flashlamp pumping. It is not
clear to us if these differences may explain the discrepancy
in the experimental result. Our result, however, is in good
agreement with a recent publication [1] where the intrinsic
slope efficiency of a Cr:LiSAF laser was found to be ~30%
lower than the quantum-defect-efficiency.

With the asumption that the ESA cross section is inde-
pendent of polarization we can also deduce the wavelength
dependence of ogsa by dividing 07; with 0Z; and using (4.1),
which results in:

ac(N)g”(N) —aZ (V) g"(A)
g°(N) —g"(N)

UESA(/\) = (43)

By using the measured small-signal gain values g™ “ and the
previously published emission spectra [1] we can determine
with (4.3) the wavelength dependence of the ESA cross
section. The results are plotted in Fig. 8. The figure likewise
includes the effective gain cross sections for both polarizations
which can be obtained using (4.2).

The measurements shown in Fig. 2 show a significant
saturation of the small-signal gain at higher pump levels
for Cr:LiSAF. There are several effects that can result in
such a saturation, namely ground-state bleaching, excited-state
absorption of the pump light, and upconversion. Including
these effects, the rate equation is given by:

% - / / P(t, \){0a(}) — Naogsa(A)} dt dA
i AJt
P IIY (4.4)
T2
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where P(t,)) is the optical flashlamp pump pulse, N is
the chromium density, o, is the absorption cross section, 72
is the upper-state lifetime and « is a coefficient describing
upconversion. The first term on the right-hand side of (4.4)
describes the absorption of the pump light, including depletion
of the pump level and excited, state absorption. The second
term describes the lifetime of the excited state, and the last
term describes the upconversion process, which has a square
dependence of excited-state density [25].

Cr:LiSAF has a significant ESA absorption band around
500 nm with a bandwidth of approximately 100 nm and a
maximum cross section of 3- 10720 ¢cm? [26]. This absorption
band can be assigned to the *Ty —* T;b excited-state
transition [27]. Although this cross section is comparable in
magnitude with the absorption cross section of the ground
state, in our experiment only a few percent of the chromium
atoms are inverted, and we can conclude that ESA at the pump
wavelengths leads to a negligible contribution to the gain
saturation observed in our experiment. For the same reason
ground-state bleaching plays likewise a minor role and leads
to a gain saturation of only a few percent.

B. Upconversion in Cr:LiSAF

Quantitative measurements of the upconversion process in
Cr:LiSAF have recently been reported, resulting in values of
o of 11-10716 ¢m® s~! [25] and between 3.5 and 30 - 1016
cm3sec™?, depending on the chromium coneentration [24]. To
test if the saturation of the gain at higher pump energies,
as observed in our gain experiments (see Fig. 2), is due to
upconversion and not just due to the saturation of the pulse
forming network, we exchange the 30-¢F capacitor with a 100-
uF capacitor bank allowing us to double the pump energy.
The result of a 2% doped rod is shown in Fig. 9. The solid
triangles correspond to data taken with the 30-uF capacitor
bank and the empty triangles with the 100-yF capacitor bank.
The fit (dashed line in Fig. 9) has been calculated using
(4.4), assuming a Gaussian shape of the pump pulse and
neglecting the 'Fump ESA. The fit result in a value for o of
17 - 10~6 cm®s~! which is significantly higher than those
previously reparted [23], [25]. This difference may be due to
the fact that a part of the gain saturation may be still due to
saturation of the flashlamps, pump ESA, and the fact that in
the laser head used in this experiment the pump radiation is
filtered by samarium. Samarium has an absorption band in the
blue/UV part of the spectrum that partially overlaps with the
4Ty, —* T,a absorption band of Cr:LiSAF. Increasing the
current density in the flashlamps tends to shift the emission
spectrim of the emitted light towards the blue/UV part of
the spectrum. Despite those discrepancies we believe that
upconversion i the main contributor to the observed linear
amplification characteristic observed in Cr:LiSAF amplifiers
[101, [11].

C. ESA in Cr:LiCAF

ESA in Cr:LiCAF has already been investigated in detail
by Lee et al. [27]. These authors reported the absorption of
the 4T —* T;b excited-state transition. This absorption band
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Fig. 10. Wavelength dependence of the ESA cross section (circles) and of
the effective gain cross section for 7 (triangles) and o polarization (squares)
of Cr:LiCAF.

has a maximum at 500 nm with a bandwidth of approximately
100 nm and an absorption cross section of 1.6 - 1020 cm?.
In the same paper [27] two Jahn—Teller split components of
the #Ty —* T1a excited-state transition are theoretically pre-
dicted. The first of these ESA bands, which has nonsymmetric
transition matrix elements for 7 and ¢ polarization, has not
been observed [27]. The second *Ty; —* T;a excited-state
trarisition is predicted to be independent of polarization and
has been experimentally observed showing an increasing ESA
band by decreasing the wavelength from 1.5 to 1 um [27].
At 1 pm the ESA cross section is 1.6 - 10721 cm? [27].
However, because the spectral range of their measurements
was limited to wavelengths longer than 1 um, they were not
able to resolve the maximum of this transition band. Our
measurements indicate that ESA may continuously increase
with decreasing wavelength from 1 pm towards 780 nm.
Following the theoretical discussion of [27] we can therefore
assume that the ESA cross section is independent of polar-
ization. With (4.3) and the experimentally measured values
of the small-signal gain, we can determine the cross section
of the ESA and the effective gain cross sections for both
polarizations. The results are shown in Fig. 10. The ESA
cross section linearly decreases from 3.2 - 102! cm? to
2.2-1072! cm? by increasing the wavelength from 785 to
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910 nm. By extrapolating these data to a wavelength of 1
pm, we obtain an ESA cross section of ~1.5 - 1072 cm?,
which closely corresponds to the previously measured value
of 1.6-10~21 cm? at this wavelength [27]. Our results suggest
that the emission cross section for # polarization at 785 nm of
1.21-1072% c¢m 2 [1] reduces to an effective gain cross section
of 8.9-10~2% cm?. This corresponds to a decrease of the small-
signal gain of 26%. Taking experimental uncertainties into
account, this result agrees quite well with an earlier finding [2]
where the intrinsic slope efficiency of a Cr:LiCAF laser was
found to be ~20% lower than the quantum-defect efficiency.

For Cr:LiCAF the saturation of the gain at higher pump
energies is less obvious than observed in Cr:LiSAF (see
Fig. 4). Thus we believe that upconversion has less of an effect
on the small-signal gain for this material. This conclusion is
supported by the fact that the values for a reported in the
literature are approximately a factor of 4 lower than those for
Cr:LiSAF [25].

V. IMPLICATIONS FOR AMPLIFIER DESIGN

A. Polarizations

The strong polarization of the small-signal gain observed
for Cr:LiSAF has strong implications for the design of high-
power oscillator—amplifier systems. In these systems amplifiers
are configured in such a way as to maximize their energy
extraction, and minimize ASE and the amplification of retro-
reflected laser light. In many amplifier system designs, this
involves utilizing the gain properties of both polarizations.
Clearly from the measurements described here, this is a
limitation for Cr:LiSAF. Although the small-signal gain of
Cr:LiCAF is less polarized than that of Cr:LiSAF, it is
significantly lower than that of Cr:LiSAF, and it will be
difficult to build optical amplifiers using this material.

B. Gain

To illustrate the consequences of ESA and upconversion to
the design of Cr:LiSAF amplifiers, we can compare the gain
properties of Cr:LiSAF to that of Nd:glass, which is maybe the
most prominent solid-state laser material for the construction
of multistage amplifier systems. Nd:glass has an emission cross
section of 4-10720 ¢m?, close to that of Cr:LiSAF of 5.10~20
cm?, We would therefore expect the performance of Cr:LiSAF
amplifiers to be similar to Nd:glass amplifiers. However, there
are several aspects, namely ESA and upconversion, that limit
the gain available from Cr:LiSAF amplifiers, which makes it
more difficult to build as efficient amplifiers than is the case
with Nd:glass.

ESA not only cancels the small-signal gain for o-polarized
light, but also reduces the gain of the w-polarization by
~30%. At first sight this problem could be simply overcome
by increasing the pump energy by ~30%. However, at in-
creasing pump levels the upconversion process, as discussed
earlier, becomes increasingly detrimental owing to its square
dependence on the population of the upper laser level. The
consequence is that it is nearly impossible to reach the
exponential gain region using Cr:LiSAF. As shown in this
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work and in previous experiments [10], [11] the amplification
of Cr:LiSAF amplifiers is more or less linearly dependent on
the pump energy, which makes it difficult to achiei'e single-
pass amplifications of more than ~9.

C. Optical Damage and Self-Focusing

For the sake of completeness we would like to briefly men-
tion the optical damage properties of Cr:LiSAF and Cr:LiCAF.
Optical damage and self-focusing limits the output perfor-
mance of laser/amplifier systems. First results to this issue have
been recently published [6] giving bulk damage thresholds of
160 GW/cm? for 1.4% doped Cr:LiSAF and 400 GW/cm?
for 2.5% doped Cr:LiCAF (at 1064 nm with a 47-ps-long
pulse). Under the same conditions the optical damage of fused
silica is 420 GW/cm?. The nonlinear refractive indices of
Cr:LiSAF and Cr:LiCAF at 1064 nm are ~5 and ~4 - 107
cm?/W, respectively, which are significantly lower than that
of fused silica of 3.2 - 1076 cm?/W. The lower nonlinear
refractive index of Cr:LiSAF and Cr:LiCAF allows higher
energy extraction (per unit volume) from these materials than
with Nd:glass amplifiers, avoiding small-scale self-focusing
and its detrimental influence to the beam quality. '

VI. SUMMARY

We have reported small-signal gain measurements of
Cr:LiSAF and Cr:LiCAF. The gain‘ for both materials is
moderate and is affected by ESA. We have made estimates of
the ESA cross section of 1.6 - 1072 c¢m 2 for Cr:LiSAF at
850 nm and 3.2- 102! ¢m 2 for Cr:LiCAF at 785 nm. In the
case of Cr:LiSAF, upconversion limits the pump efficiency at
higher pump levels, making it difficult to achieve the regime of
exponential gain with this material. Cr:LiSAF and Cr:LiCAF
have a relatively efficient energy storage. Values of 1.6 and
3.6%, respectively, of stored energy in the upper laser level
compared to the electrical input energy have been measured.
Somewhat higher values can even be expected using laser
heads specially designed to efficiently pump these materials.

Because of its broader spectral emission and its higher
effective gain cross section, Cr:LiSAF is clearly the better
choice for ultrashort high-energy pulse amplification. Single-
pass amplifications of > 3 have been obtained using flashlamp-
pumped Cr:LiSAF rod amplifiers [10], [11].As a rule, rel-
atively large pump densities are required to overcome the
drawback of ESA, and to reduce the effect of upconversion
the use of long rods must be preferred. The gain of Cr:LiCAF
is significantly lower than that of Cr:LiSAF, and it will
be difficult to build optical amplifiers using this material.
However because of its more efficient energy storage, its
better mechanical and thermal properties, and higher gain
saturation, Cr:LiCAF is the material of choice for efficient
energy extraction using Q-switched laser systems without
amplifiers.
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