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Measurement of Thermal Lensing
in Cr -Doped Colquiriites

Jason M. Eichenholz and Martin Richardson

Abstract—The first direct measurements of thermally induced
lensing in end-pumped Cr3+-doped LiSAF, LiSGAF, LiSCAF,
and LiCAF are reported. Using a sensitive measurement tech-
nique, focal lengths as long as 40 m were measured. A thermal
model has been created to determine the temperature rise as
a function of position inside the laser crystal. This new model
calculates the temperature distribution by considering quantum
defect, upconversion, and upper state lifetime quenching as heat-
ing sources. Thermal lensing in the colquiriites is significantly
reduced because of compensation of the temperature-dependent
refractive index by the induced photoelastic stress inside the
colquiriite crystal.

Index Terms—Chromium materials, laser beam distortions,
laser measurements, laser thermal factors, solid lasers.

I. INTRODUCTION

L ONGITUDINAL diode pumping of a solid-state laser
material has the advantage of highly efficient fundamental

mode operation [1]. In this form of pumping, the pump
power is focused directly into the center of the laser rod
and thus is absorbed predominately in the TEMlaser mode
volume [2]. Transverse pumping on the other hand tends
to distribute the pump power throughout the entire laser
rod volume, which leads to multimode operation [1]. As a
result of the pump power being concentrated near the center
of the crystal, a thermal gradient is produced. The thermal
gradient is the result of the strongly inhomogeneous thermal
power density that heats the center of the crystal while the
edges of the rod remain cool. This heating leads to stress,
birefringence, surface elongation, refractive index variation,
thermal lensing, and ultimately mechanical fracture [3]. These
thermal effects initially hindered the reliable operation and
scaling of diode-pumped Nd laser systems to increasingly
higher average power levels [1], [4]. The measurement and
compensation of these induced thermal effects in new solid-
state media is therefore crucial to the scaling of new laser
systems to higher powers. The development of high-power
diode-pumped colquiriite lasers has for a long time been
limited by the availability of high-power visible laser diode
sources. However, the recent development of 670-nm laser
diode arrays [5]–[9] has led to the initial development of
compact high-average-power (1 W) laser sources [10].

Many of the important laser parameters such as small-
signal gain [11]–[15], excited stated absorption [16]–[18], and
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upconversion [16]–[20] have been measured in the colquiriites.
In addition, many of the thermomechanical properties such
as thermal conductivity [12], [21]–[23], upper state lifetime
quenching [24], temperature-dependent refractive index [22],
[25], thermal expansion [22], [23], [25], and fracture strength
[21]–[23] have also been measured.

Thermal lensing has not yet been considered in end-pumped
colquiriite laser systems. It plays one of the key roles in
limiting and degrading lasing performance in end-pumped
laser systems by producing a lens-like focusing effect inside
the laser media [26]. Thermal lensing in a laser system was
first reported by Gordonet al. [27] in 1964 and an expression
for the focal length of the medium was derived. Since then,
much work has been done on the analysis of thermal lensing
in transverse [22], [28] and end-pumped lasers [3], [29]. If
the power of the thermal lens is too large, it is possible that
the laser cavity can become unstable and the system will stop
lasing [3]. It has also been shown that the separation of the
mirrors inside a folded cavity is critical to achieving stable
self-starting in Kerr lens mode-locked (KLM) cavities [30].
Recently, the KLM theory has been improved to take account
of gain guiding and astigmatism [31]. The magnitude and sign
of a thermal lens inside a crystal is important data that could
be included in calculations regarding KLM cavity stability.
Thermal lensing is one of the major factors that degrades and
limits performance in longitudinally pumped solid-state lasers.

In this paper, we describe the measurement and analysis
of thermal lensing in Cr -doped LiSAF, LiSGAF, LiSCAF,
and LiCAF. To the best of our knowledge, this is the first
time that thermal lensing of longitudinal pumped Cr-doped
colquiriites has been measured.

II. THERMAL EFFECTS

Many authors [3], [12], [14], [29], [32], [33] have reported
on the thermal dynamics of longitudinal diode-pumped solid-
state lasers. To understand the thermal dynamics inside the
laser rod under longitudinal pumping, a new thermal distri-
bution computer code was constructed. The purpose of this
code was to predict the pump-induced temperature rise as
a function of radius and length inside the colquiriite laser
crystals. The output of this code will be used to help explain
the results of the thermal lensing measurements. The model
of the thermal effects within the laser rod assumes a CW
pump source illuminating the rod from one end, as shown
in Fig. 1. The figure shows a side view and an end view
of the laser crystal and heat sink geometry assumed in the
model. The circumference of the cylindrical laser crystal is
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Fig. 1. Side view and end view of an end-pumped colquiriite laser rod. The
rod is conductivly cooled by an air-cooled aluminum heat sink. The radius
of the rod isrb, the 1=e2 pump spot size of the pump beam is!p, and the
length of the rod isl.

assumed to be held at a constant temperature by a heat sink
surrounding the laser rod. In this geometry, most of the heat
is generated inside a small volume near the center of the
crystal and is removed from the radial surface via conduction,
resulting in a radial temperature gradient inside the rod.
This configuration is significantly different from transversely
pumped lamp geometries in which a more uniform pumping
distribution is achieved [34].

A. Spatial Temperature Distribution

The model determines the three-dimensional (3-D) tempera-
ture profile inside the laser rod using the classical heat
flow equation [26], [35], [36]

(1)

where is the thermal power density (W/cm) and is
thermal conductivity (W/Kcm). It assumes that the heat flow
is not influenced by axial conduction except near the end faces
of the laser rod and that to first order the heat conduction is
primarily radial, with negligible longitudinal heat flow.
The heat flow equation then becomes purely radial [1], [32]

(2)

If it is assumed that the heating source has a Gaussian
radial distribution and an exponential decay along the length
of the rod, the analytic solution to the differential equation
above is given by Innocenziet al. [32] as

(3)

where is the temperature of the rod (K) as a function
of radius and length, is the constant temperature at the
surface of the rod, is the input pump power (W), is the
percentage of the pump power converted into heat,is the
absorption coefficient of the pump light (cm), is the
1/ Gaussian radius of the pump beam (cm), andis the
exponential integral function defined as

(4)

for [37].

B. Heating Sources

To determine the temperature profile inside the laser mate-
rial, it is necessary to know how much of the pump power is
converted into heat. Heating results whenever the energy from
a radiative transition (photon) is converted into a nonradiative
transition (phonon) inside the crystal. There are three principle
mechanisms that give rise to nonradiative transitions in the
colquiriites; the quantum defect, upconversion, and thermal
quenching of the upper state lifetime. These nonradiative
mechanisms can be detrimental heating sources, limiting the
amount of output power from a laser system. An assessment
of the heating effects of these processes is required in order
to estimate the temperature distribution inside the rod.

1) Quantum Defect:Quantum defect heating results from
nonradiative transitions inside the crystal lattice due to the
difference of the photon energy at the pump wavelength
and photon energy at the center wavelength of the laser
material’s fluorescence . As illustrated in the energy level
diagrams in Fig. 2, every pump photon absorbed by the crystal
and excited into the upper laser level deposits a fraction
of its energy into the crystal lattice as it nonradiatively relaxes
to the bottom of the level. After the excited ion radiatively
decays to the level, additional heat is deposited by the ion
as it decays down to the ground state of the laser. To quantify
the contribution of quantum defect heating, the pumping rate

is defined as the number of atoms excited into the
upper laser level per second per unit volume [14]

(5)

where is the pump power incident on the crystal (W),
is the absorption coefficient at the pump wavelength (cm),
and is the refractive index of the crystal. We assume that
the pump beam has a Gaussian spatial distribution

(6)

where is the beam waist of the pump laser.
The thermal power density induced by quantum defect

heating of a laser crystal is defined as [14]

(7)

where is Planck’s constant. Equation (7) shows that, as the
pump wavelength approaches the center fluorescence wave-
length, quantum defect heating is reduced.

2) Upconversion: Upconversion occurs in the Cr
colquiriites when two excited ions in the upper metastable
laser level interact and exchange energy. As shown in the
energy level diagram in Fig. 2, one ion transfers its energy to a
neighbor ion, causing it to decay to the ground state. The
energy transfer promotes the second ion into a higher lying
excited state. Heating occurs when the excited ions in the
state nonradiatively decay back down to the upper laser level

. This nonradiative relaxation results in a quantum of the
fluorescence energy contributing to heating of the lattice [21].
The rate of upconversion in a laser system is proportional
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Fig. 2. Energy level diagrams illustrating quantum defect, upconversion, and thermal quenching heating in the Cr3+-doped colquiriites.

to the square of the upper state population density. As the
pump power is increased, the upper state population density
increases. An increase in population density leads to additional
upconversion heating. To quantify the thermal power density
contribution from upconversion, the upper state population
density must be determined. We begin with the steady-state
rate equations for a CW pumping of a quasi-four-level laser
system [4]

(8)

where is the upper state lifetime (s), is the upconver-
sion parameter (cm/s), is the emission cross section (cm),

is the excited state absorption cross section (cm) and
is the laser intensity (W/cm) [16], [20]. The terms in (8)

describe the pumping rate, spontaneous emission, stimulated
emission, excited state absorption, and upconversion, respec-
tively. Solving (8) for the upper state population density while
assuming no stimulated emission and excited state absorption
gives

(9)

The assumptions of no stimulated emission and no excited
state absorption are made in this case to compare the predic-
tions of the code with the measurements of the thermal lensing
of media that were not in a laser resonator. Once is
known, the thermal power density for upconversion is given
as [14]

(10)

3) Thermal Quenching of Fluorescence:The fluorescence
lifetime of Cr ions in the colquiriite host displays a
significant temperature dependence [24]. At low temperatures,
the upper state lifetime is nearly constant with respect to
temperature. As the temperature of the crystal increases, the
lifetime drops rapidly.

We define the critical temperature as the temperature at
which the upper state lifetime of the material drops to one-half
of the radiative decay lifetime at room temperature (25C).
This strong lifetime dependence on temperature results from
the fact that for each colquiriite there is a temperature above
which the normal radiative decay between the and
states gives way to faster nonradiative processes. The upper
state lifetime of a fluorescent ion at a position
in a crystal is described as

(11)

where

(12)

and where is the radiative lifetime, is the nonradiative
lifetime, is the nonradiative lifetime at low temperatures
(77 K), is the Boltzmann constant, and is the activation
energy [24]. The activation energy is the energy difference be-
tween the vibrational ground state energy of the level and
the energy at which the and potential energy surfaces
cross. Table I lists these constants for several colquiriites. The
upper state lifetime can be determined by solving (11)

(13)

The thermal quenching of fluorescence thermal power density
is given as [14]

(14)

4) Total Thermal Power Density:With the thermal power
density for each individual heating source known, the total
thermal power density is determined by summing the contribu-
tions of each heating source. The total thermal power density
is given as

(15)
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TABLE I
PHYSICAL AND OPTICAL PARAMETERS OF COLQUIRIITES

The total amount of pump power converted into heat in the
crystal is found by integrating the total thermal power density
over the crystal volume

(16)

The percentage of pump power converted into heatis found
by dividing the total thermal power by pump power
incident on the crystal .

III. M ODEL ESTIMATES OF THE TEMPERATURE DISTRIBUTION

The equations deduced in the previous section have been
used to estimate the temperature distribution inside different
colquiriite laser rods for several values of the pump power. The
solution to the heat equations assumes that the thermal power
density has a Gaussian radial distribution and an exponential
decay in the direction. The temperature distribution inside
the crystal is determined using a recursive method similar to
that described by Balemboiset al. [14].

First, the equation for the thermal power density is solved
using only the quantum defect heating effect. This is done
because quantum defect heating is not temperature-dependent.
The amount of pump power converted into heat is then
calculated by the method discussed above. The first spatial
temperature distribution is calculated, with the results inserted
into the temperature-dependent lifetime formula (13) to deter-
mine the spatial profile of the upper state lifetime. This new
upper state lifetime profile changes the upper state population
density profile, which changes both the upconversion and the
thermal quenching of fluorescence thermal power density.

The thermal power density, now including the heating
sources due to quantum defect, upconversion, and thermal
quenching of fluorescence, is integrated over the volume of the
crystal to determine the total thermal power and the percentage
of the pump power converted into heat .

Since the model requires that the total thermal power density
has an exponential decay in thedirection, the newly calcu-
lated thermal power density is fitted to an exponential decay.
This fit determines the power density absorption coefficient

. These new data ( and ) are then inserted
back into (3) to recalculate a new temperature distribution.
The whole process is then repeated with the temperature and

Fig. 3. Temperature rise in a 1.5% Cr:LiSAF laser rod as a function of radius
and length in the laser rod for 1000 mW of incident pump power.

upper state population converging to a stable solution after
five iterations.

Described below are model calculations for the resulting
temperature distributions for different values of the pump
power . These calculations are then repeated for several
different colquiriite crystal materials. These estimates are made
for realistic pump beam dimensions within rods of sizes
commonly used for diode pumped colquiriites. In addition, the
effect the temperature rise has on the upper state lifetime is
calculated. The model assumes there is no stimulated emission,
no laser resonator around the rod, and therefore no extracted
optical laser power from the rod. The calculations also show
the relative contributions to the thermal power density coming
from the heating effects of quantum defect, upconversion,
and thermal quenching of fluorescence. Without a resonator
around the laser rod, the calculated results which follow are
a conservative upper estimate of the magnitude of the heating
effects inside the laser rod.

A. Cr:LiSAF

The temperature increase above room temperature in a 4-
mm-diameter 4-mm-long, 1.5% Cr:LiSAF laser rod for 1 W
of pump power is shown in Fig. 3. The Gaussian pump beam
has a 38 micron diameter at the input face of the crystal.
The pump wavelength entered into the code is 653 nm which
is the weighted average for the 647 and 676 Krypton ion
laser lines. The center fluorescence wavelength is set to 850
nm at the peak of the LiSAF emission cross section. The
thermomechanical parameters entered into the code are shown
in Table I. For 1 W of pump power, Fig. 3 shows that the
induced temperature gradient inside the laser crystal is
over 100 C.

Fig. 4(a) and (b) shows the upper-state lifetime as function
of radius and depth in the crystal for 500 mW and 1 W of
pump power, respectively. At a pump power of 500 mW, there
is a small dip in lifetime at the center of the front face of the
LiSAF crystal. This dip is caused by the small volume near
the front face where the temperature has exceeded the critical
temperature. When the pump power is increased to 1 W of
power, the temperature rise at the input face of the crystal is
so large that the upper state lifetime has fallen to zero in that
region, as shown in Fig. 4(b). The impact that this upper state
lifetime decrease has on the upper state population density can
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(a)

(b)

Fig. 4. Upper state lifetime distribution as a function of radius and length
in the laser rod for (a) 500 mW and (b) 1000 mW of incident pump power.

Fig. 5. Upper state population density distributionN(r; z) as a function of
radius and length in the laser rod for 1000 mW of incident pump power.

be seen in Fig. 5. When the pump power is at this high level,
the upper state population can be severely depleted. This is
important to note because the upper state population is zero
despite the fact that the pumping density is the highest at the
front face of the crystal. The upper state population depletion
leads to a decrease in gain with increased pump power.

Figs. 6–8 illustrate the relative magnitude and location of the
quantum defect, upconversion, and thermal quenching heating
sources in the LiSAF crystal for 1 W of pump power.

Fig. 6. Quantum defect heating power density as a function of radius and
length in the laser rod for 1000 mW of incident pump power.

Fig. 7. Upconversion heating power density as a function of radius and
length in the laser rod for 1000 mW of incident pump power.

Fig. 8. Thermal quenching of fluorescence heating power density as a
function of radius and length in the laser rod for 1000 mW of incident pump
power.

It can be seen that the quantum defect has a large effect on
the center axis of the rod where the pumping density is highest.
The quantum defect heating spatial distribution is identical to
the pump beam spatial distribution which agrees with (7) in the
theory. At high pump powers (1 W), there is little heating from
upconversion at the center of the beam (Fig. 7) because of the
aforementioned depletion of upper state population at the front
face of the rod. As shown in (10), the upconversion heating is
proportional to the square of the upper state population density.
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Fig. 9. Plot of quantum defect, upconversion, and thermal quenching power
deposited in a 1.5% Cr:LiSAF laser rod for pump power ranging from 0 to
1000 mW.

The code correctly shows that the reduction in upper state
population near the front face eliminates the opportunity for
upconversion heating to occur. Therefore, as the pump power
is increased, upconversion heating slowly decreases.

As can be seen in Fig. 8, the thermal quenching of fluores-
cence is greatest at the center of the front face of the crystal.
The spatial distribution of thermal quenching of fluorescence
heating changes little with pump power. However, the peak
value of the thermal quenching power density at the center of
the rod for 1 W of power is five times higher than the peak
value of the power density for 500 mW of pump.

As described in (16), the total thermal power which is
deposited in the crystal is calculated by integrating the total
thermal power density over the volume of the crystal. The
thermal power due to each individual heating source can be
found by integrating each thermal power density individually.
The thermal powers for each source are shown in Fig. 9 for
pump powers ranging from 0 to 1 W.

At low pump powers, ( 400 mW), the quantum defect is
the predominant heating source. The upper state population
density is increasing and likewise upconversion heating is
increasing. Thermal quenching of fluorescence is insignificant
at these power levels because the temperature of the rod is
still well below the critical temperature for nonradiative decay.
For 400 mW of pump power, approximately one-third of the
pump power is converted into heat.

At moderate power levels (400–700 mW), there is a con-
siderable change inside the laser rod. As the pump power
is increased above 400 mW, the temperature begins to rise
inside the rod and thermal quenching increases significantly.
Upconversion heating also increases until approximately 600
mW of pump power where it peaks and then begins to
slowly decrease because the upper state population density
is slowly decreasing due to upper state lifetime quenching. By
doubling the pump power from 500 mW to 1 W, the upper
state population density is nearly constant. For these pump
conditions, any increase in pump power above 1 W is wasted
as heat inside the crystal. Fig. 9 shows graphically that as
the pump power increases above 600 mW a type of thermal
runaway occurs. This happens when the rod temperature

Fig. 10. Plot of quantum defect, upconversion, and thermal quenching power
deposited in a 1.5% Cr:LiSGAF laser rod for pump power ranging from 0
to 1000 mW.

approaches the critical temperature for nonradiative decay.
Over one-half of the pump power is directed into crystal
heating for 650 mW of pump power.

At higher pump powers (700 mW), thermal quenching of
fluorescence is the largest heating source. With the temperature
at the center of the rod well above the critical temperature for
nonradiative decay, upconversion heating is decreasing due to
the depleted upper state population. For 1 W of pump power,
approximately two-thirds of the pump power is directed into
crystal heating.

It should be noted that our model, while similar to that
described in [14], assumes a larger pump spot size and a
shorter pump wavelength. These differences result in greater
quantum defect heating and a higher pump power at which
the thermal runaway occurs.

B. LiSGAF

We recalculated the temperature increase above room tem-
perature for a 4-mm-diameter 4-mm-long, 1.5% Cr:LiSGAF
laser rod for pump powers ranging from 0 to 1 W. The
pump conditions were identical to those described above. The
center fluorescence wavelength was 830 nm, at the peak of
the LiSGAF emission cross section. The thermomechanical
parameters used in the code are shown in Table I. The
induced temperature gradient inside the laser crystal is
approximately 80 C for the same pump conditions as in the
LiSAF results. This temperature rise is over 20C less than
for LiSAF with the exact same pump conditions and dopant
concentration.

The thermal powers deposited inside the LiSGAF crystal for
quantum defect, upconversion, and thermal quenching heating
are shown in Fig. 10 for pump powers ranging from 0 to 1
W. For power levels up to 800 mW, both upconversion and
quantum defect play a similar role in heating up the laser
crystal. Thermal quenching does not become a significant
heating source until the pump power reaches700 mW.
Thermal quenching of fluorescence is insignificant up to
this high pump power because the critical temperature for
nonradiative decay in LiSGAF is 88C. A thermal runaway
rapidly occurs in LiSGAF above 900 mW of pump power.



916 IEEE JOURNAL OF QUANTUM ELECTRONICS, VOL. 34, NO. 5, MAY 1998

Fig. 11. Plot of quantum defect, upconversion, and thermal quenching power
deposited in a 1.5% Cr:LiCAF laser rod for pump power ranging from 0 to
1000 mW.

At this point, thermal quenching of fluorescence is the major
heating source. Upconversion heating begins to decrease at
these high power levels because of the thermally induced upper
state population decrease.

C. LiCAF

We recalculated the temperature increase inside a 4-mm-
diameter 4-mm-long, 5% Cr:LiCAF laser rod as a function
of input pump powers ranging from 0 to 1 W. The pump
conditions are identical to those described above for LiSAF
and LiSGAF. The center fluorescence wavelength is set to
780 nm, the peak of the LiCAF emission cross section. The
thermomechanical parameters entered into the code for LiCAF
are shown in Table I. The induced temperature gradient
inside the laser crystal is only 40C. This is over 60 C cooler
than LiSAF and 40 C cooler than LiSGAF with the same
pump conditions and pump wavelength absorption coefficient.
The absorption coefficient for 5% Cr:LiCAF is approximately
the same as 1.5% Cr:LiSAF and 1.5% Cr:LiSGAF.

The thermal powers density for quantum defect, upconver-
sion, and thermal quenching of fluorescence are shown in Fig.
11 for pump powers ranging from 0 to 1 W. There is no
thermal quenching of fluorescence at these power levels in Li-
CAF because of the high critical temperature for nonradiative
decay in LiCAF (190 C). As seen from Fig. 11, quantum
defect heating in LiCAF is also low when compared to LiSAF
and LiSGAF because the pump wavelength (653 nm) is much
closer to the center fluorescence wavelength (780 nm). The
lack of thermal quenching and the low quantum defect lead
to a rapid buildup of the upper state population. This has the
unfortunate result of producing a large amount of upconversion
heating. This is despite the fact that LiCAF has four times less
upconversion than LiSAF [16], [17], [19], [20]. Thus, the limit-
ing factor in any LiCAF laser rod is upconversion, not thermal
quenching of fluorescence as it is in LiSAF and LiSGAF.

IV. THERMAL LENSING

The pump-induced temperature gradient across the laser
rod creates stresses inside the laser medium. As the laser

TABLE II
THERMAL PROPERTIES OFCOLQUIRIITES

media heats up, the material expands and contracts. These
movements cause internal stresses to build up within the laser
rod. These stresses can cause the index of refraction to change
in a localized area of the rod. These stress-induced index of
refraction changes combined with the temperature-dependent
index of refraction can induce severe optical distortions to a
laser beam passing through the laser media [38]. One of the
optical distortions caused by these stresses is thermal lensing.

To quantify the effect of thermal lensing on a laser media,
the lensing power of an isotropic material can be described
by [22], [38], [39]

(17)

where is refractive index, is the change of refractive
index with temperature ( C), is the coefficient of thermal
expansion (C ), is the temperature difference between
the center of the rod and the edge of the rod,is the radius
of the rod, and is the length of the rod. The first term in
(17), , describes the refractive index change induced
by the change in temperature. The second term is the
linear combination of photoelastic constants that result from
temperature-induced stress inside the crystal. The last term
describes the physical distortions to the ends of the rod,
causing it to act as a lens.

A summary of these measured thermomechanical properties
for the colquiriites is shown in Table II. The temperature-
dependent refractive index in LiCAF and LiSAF
have been quantitatively measured to be negative [22], [25].
The negative thermal refractive coefficient is typical of the
fluoride laser crystals [39]. If was the only contribution
to thermal lensing, the colquiriites would exhibit negative
thermal lensing. However, since the stress-optic coefficient

is nearly always positive [39], the linear combination of
the temperature- and stress-induced refractive index changes
tend to cancel, resulting in reduced positive thermal lensing.
In contrast, in oxide laser crystals such as Nd:YAG, the
temperature- and stress-induced refractive index changes are
additive, resulting in stronger thermal lensing. More quantita-
tive results in our lensing theory is hindered by the fact that the

terms have not yet been measured in any of the colquiriite
crystals. In one work, the values for the terms in LiCAF
were approximated by using the values for CaF[22].

V. EXPERIMENTAL MEASUREMENT OFTHERMAL LENSING

The inability to accurately calculate the amount of thermally
induced lensing forced us to make experimental measurements
of the parameter in each colquiriite laser host. The theoretical
calculations were made in order to determine the physical
limits to scaling the colquiriites to higher average powers. The
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Fig. 12. Experimental setup for thermal lensing measurements.L1 = 10 cm
PL/CX lens, DM: dichroic mirror, HR 650 nm, HT 543 nm,L2 = 15 cm
PL/CX lens,PH = 50 �m pinhole,D = Detector.

results of these thermal lensing experiments are being used to
assist in the development a high-average-power diode-pumped
tunable colquiriite laser system.

The optical layout for the experimental measurement of
thermally induced lensing is shown in Fig. 12. Diode pumping
in these experiments was simulated with the use of a high-
quality krypton ion laser. The pump laser (Spectra-Physics
2017) was operated on both the 647- and 676-nm red lines
(power ratio 4:1) in a single transverse mode and was linearly
polarized. The use of a krypton ion laser simplifies the
calculation of the thermal lens because of its Gaussian mode
profile. The induced thermal lensing was monitored with a
CW probe laser. The probe laser was a linearly polarized
green (543.5 nm) helium neon laser. The probe laser was
collimated and passed through the center of the colquiriite
crystal. Collimation of the probe laser was verified using a
lateral shearing interferometer. The two lasers were combined
with a dichroic mirror and aligned to overlap spatially inside
the laser crystal. The polarization of both lasers were adjusted
such that their electric fields were parallel to the crystalline
axis. The krypton-ion pump beam was focused into the crystal
with a 10-cm focal length plano–convex lens resulting in a
calculated 38-m pump radius inside the crystal. After passing
through the laser crystal, a dichroic mirror separated the two
beams and the system alignment was verified by analyzing the
probe beam spatial profile with a two-dimensional (2-D) CCD
array (Spiricon LBA-100A). An increase in pump power only
resulted in a change to the probe beam diameter and did not
induce any ellipticity or pointing drift onto the probe beam.

To measure the effective focal length of the laser crystals,
the technique discussed by Burnham [40] was used. This
technique is very sensitive to small changes in the probe beam
divergence. The probe beam was focused with a 15-cm plano-
convex lens through a 50-m-diameter pinhole. A calibrated
power meter (Coherent Labmaster with LM-2 detector head)
detected the transmitted power through the pinhole. The laser
crystals were pumped with the krypton-ion laser for one half
hour to ensure that the crystals were in thermal equilibrium

Fig. 13. Experimental data showing thermal lensing focal power versus
absorbed pump power.

with the temperature controlled laboratory environment. The
beam waist of the focused probe beam was determined by
scanning the position of the pinhole along theaxis. In order
to effectively remove heat from the laser samples, each sample
was lined with a 0.005-in-thick layer of indium foil before
being placed into the heat sink. The indium was used because
of its excellent thermal conductivity and the indium foil allows
the laser crystals to expand without placing additional strain
onto the crystal lattice.

The thermally induced focal length is calculated using the
general equation for a two-component system [41]

(18)

where is the distance between the crystal and the probe
beam focusing lens (m), is the focal length of the probe
beam focusing lens (m), and is the displacement of the
beam waist due to the thermal lens (m).

The measured thermally induced focal power of
the colquiriite laser samples are shown in Fig. 13. The figure
shows the induced focal power for 1.5% and 5% Cr:LiSAF,
1.5% Cr:LiSGAF, 3% Cr:LiSCAF, and 3% and 5% Cr:LiCAF
plotted as a function of absorbed pump power. The data
shown in Fig. 13 shows that the thermal focal length is
nearly inversely proportional to the absorbed pump power, in
good agreement with thermal lensing theory [4]. It should be
noted that we were unable to measure any thermally induced
lensing in Cr:LiCAF in this experimental setup. The strongest
thermally induced focal length in these experiments was over
1.5 m long.

VI. DISCUSSION

As noted earlier in Section IV, if the thermal lensing in
the laser rods were only the result of the temperature-induced
index gradient, the sign of the thermal lens should be negative.

However, as the pump power was increased, we measured
weak positive thermal lensing. We believe this low amount

1 m) of positive, thermally induced lensing in these
colquiriite materials is a direct result of the compensation of
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Fig. 14. Plot of heating in the colquiriites for pump power ranging from 0
to 1000 mW.

negative by the positive stresses and expansion of the
crystal.

We were unable to measure any thermal lensing in two
different LiCAF samples with pump powers of over 1 W.
However, weak thermal lensing behavior has been observed
in a flashlamp-pumped LiCAF system [22], [38]. From the
latter, approximate values for were then used to help the-
oretically explain why the LiCAF had less thermally induced
lensing than alexandrite [22].

We believe the different thermal lensing signals for each
material are the direct result of two different contributing
factors.

First, each material has slightly different thermomechanical
properties, specifically the critical temperature for quenching
of fluorescence. Therefore, for identical pump conditions, each
colquiriite material converts a different amount of the pump
power to heat, resulting in different temperature gradients
across the laser rod. Fig. 14 shows the total amount of pump
power converted into heat as a function of the pump power
for LiSAF, LiSGAF, and LiCAF. LiSCAF’s thermomechanical
properties, to our knowledge, have never been measured. As
expected, the highly doped 5% LiSAF heats more than the
1.5% LiSAF, due to the higher absorption coefficient. As
discussed above, the LiSGAF heats less than the LiSAF since
the critical temperature is lower in LiSAF than in LiSGAF.
LiCAF heats the least of all the colquiriite materials because
of the low amount of thermal quenching of fluorescence.

Second, the differences in thermal lensing can also be
explained by the fact that each material has slightly different
numerical values for and . As shown in (17) for
identical temperature gradients, these differences can change
the power of the thermal lens. The reduced thermal lensing
in LiCAF by Woodset al. [22] was explained by concluding
that the compensation of the negative by the positive
stress resulted in reduced thermal lensing. If and

are not extremely close, as in the case of LiCAF, then,
given the high temperature gradients inside these materials,
the thermal lensing can quickly become quite strong.

VII. CONCLUSION

We have measured the pump-induced thermal lensing of
Cr -doped colquiriites in a sensitive experimental setup.
To assist in the development of high-average-power diode-
pumped tunable laser systems, we have also developed a new
computer model that calculates the temperature rise inside any
colquiriite laser crystal. These measurements are critical to
the proper choice and design of high-power diode-pumped
colquiriite lasers. The thermal code is essential to determining
the correct material and dopant level required. We have utilized
the output of this code to help explain the differences in
measured thermal lensing power in the colquiriite materials.

The colquiriites are attractive because of the small amount
of thermal lensing when compared to other solid-state materi-
als such as Nd:YAG and alexandrite. The strongest thermally
induced lens measured in our experiments was over 1.5 m
long. The reduced lensing in LiCAF combined with its superior
temperature-dependent lifetime and thermomechanical prop-
erties make it a promising colquiriite material. However, the
poor optical quality and large amount of scattering in currently
available LiCAF limits the potential of this material at this
time. We have also shown that the laser material, LiSGAF,
is a compromise between the superior thermomechanical and
thermal lensing properties of LiCAF and the less favorable
thermomechanical and thermal lensing properties of LiSAF.
With improvements to its optical quality and scattering, LiCAF
could become the clear choice for a high-average-power
tunable laser-diode-pumped laser system.
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