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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 ~ upconversion [16]-[20] have been measured in the colquiriites.
lensing in end-pumped Cr*-doped LiSAF, LISGAF, LISCAF, |n addition, many of the thermomechanical properties such
and LiICAF are reported. Using a sensitive measurement tech- as thermal conductivity [12], [21]-[23], upper state lifetime

nique, focal lengths as long as 40 m were measured. A thermal - o
model has been created to determine the temperature rise as quenching [24], temperature-dependent refractive index [22],

a function of position inside the laser crystal. This new model [25], thermal expansion [22], [23], [25], and fracture strength
calculates the temperature distribution by considering quantum [21]-[23] have also been measured.

defect, upconversion, and upper state lifetime quenching as heat-  Thermal lensing has not yet been considered in end-pumped
ing sources. Thermal lensing in the colquiriites is significantly colquiriite laser systems. It plays one of the key roles in
reduced because of compensation of the temperature-dependentl. iti d d di lasi " . d d
refractive index by the induced photoelastic stress inside the 'MIUNG and degrading lasing periormance In end-pumpe
colquiriite crystal. laser systems by producing a lens-like focusing effect inside
the laser media [26]. Thermal lensing in a laser system was
first reported by Gordoet 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
. INTRODUCTION in transverse [22], [28] and end-pumped lasers [3], [29]. If

ONGITUDINAL diode pumping of a solid-state laserthe power of the thermal lens is too large, it is possible that

material has the advantage of highly efficient fundamentéle laser cavity can become unstable and the system will stop
mode operation [1]. In this form of pumping, the pumpasing [3]. It has also been shown that the separation of the
power is focused directly into the center of the laser ro@irrors inside a folded cavity is critical to achieving stable
and thus is absorbed predominately in the TigNaser mode Self-starting in Kerr lens mode-locked (KLM) cavities [30].
volume [2]. Transverse pumping on the other hand ten&&cently, the KLM theory has been improved to take account
to distribute the pump power throughout the entire las€f gain guiding and astigmatism [31]. The magnitude and sign
rod volume, which leads to multimode operation [1]. As &f @ thermal lens inside a crystal is important data that could
result of the pump power being concentrated near the cerféér included in calculations regarding KLM cavity stability.
of the crystal, a thermal gradient is produced. The thermBhermal lensing is one of the major factors that degrades and
gradient is the result of the strongly inhomogeneous therml@nits performance in longitudinally pumped solid-state lasers.
power density that heats the center of the crystal while theln this paper, we describe the measurement and analysis
edges of the rod remain cool. This heating leads to stregéthermal lensing in Crt-doped LiSAF, LiISGAF, LISCAF,
birefringence, surface elongation, refractive index variatioAnd LICAF. To the best of our knowledge, this is the first
thermal lensing, and ultimately mechanical fracture [3]. Thed&ne that thermal lensing of longitudinal pumped®*€rdoped
thermal effects initially hindered the reliable operation anéPlquirites has been measured.
scaling of diode-pumped Nd laser systems to increasingly
higher average power levels [1], [4]. The measurement and Il. THERMAL EFFECTS

compensation of these induced thermal effects in new solid-Many authors [3], [12], [14], [29], [32], [33] have reported
state media is therefore crucial to the scaling of new lasgh the thermal dynamics of longitudinal diode-pumped solid-
systems to higher powers. The development of high-powsiate lasers. To understand the thermal dynamics inside the
diode-pumped colquiriite lasers has for a long time beg&ser rod under longitudinal pumping, a new thermal distri-
limited by the availability of high-power visible laser diodepytion computer code was constructed. The purpose of this
sources. However, the recent development of 670-nm lag$gge was to predict the pump-induced temperature rise as
diode arrays [5]-[9] has led to the initial development of function of radius and length inside the colquiriite laser
compact high-average-powes { W) laser sources [10]. crystals. The output of this code will be used to help explain
Many of the important laser parameters such as smafe results of the thermal lensing measurements. The model
signal gain [11]-{15], excited stated absorption [16]-[18], angk the thermal effects within the laser rod assumes a CW
pump source illuminating the rod from one end, as shown
Manuscript receive_d September 16, 1997; revised January 29, 1998_. in Fig. 1. The figure shows a side view and an end view
The authors are with the Center for Research and Education in Optics ar]fd,[he laser crystal and heat sink geometry assumed in the

Lasers, University of Central Florida, Orlando, FL 32816-2700 USA. 0 4 ’ ) ;
Publisher Item Identifier S 0018-9197(98)03069-3. model. The circumference of the cylindrical laser crystal is
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B. Heating Sources

To determine the temperature profile inside the laser mate-
Pumped rial, it is necessary to know how much of the pump power is
region _ converted into heat. Heating results whenever the energy from

Laser Rod 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

Fixed T at lquiriites; th tum defect i d thermal
boundary colquiriites; the quantum defect, upconversion, an erma

quenching of the upper state lifetime. These nonradiative
Side View End View mechanisms can be detrimental heating sources, limiting the
Fig. 1. Side view and end view of an end-pumped colquiriite laser rod. TIRMOuNt of output power from a laser system. An assessment
rod is conductivly cooled by an air-cooled aluminum heat sink. The radigf the heating effects of these processes is required in order
of the rod isry, the 1/¢ pump spot size of the pump beam.is, and the 5 agtimate the temperature distribution inside the rod.
length of the rod idl 1) Quantum Defect:Quantum defect heating results from
assumed to be held at a constant temperature by a heat sipkradiative transitions inside the crystal lattice due to the
surrounding the laser rod. In this geometry, most of the hegifference of the photon energy at the pump wavelerfgt)
is generated inside a small volume near the center of thed photon energy at the center wavelength of the laser
crystal and is removed from the radial surface via conductiomaterial’s fluorescencg).). As illustrated in the energy level
resulting in a radial temperature gradient inside the rodiagrams in Fig. 2, every pump photon absorbed by the crystal
This configuration is significantly different from transverselynd excited into thé7Z, upper laser level deposits a fraction
pumped lamp geometries in which a more uniform pumpingf its energy into the crystal lattice as it nonradiatively relaxes

distribution is achieved [34]. to the bottom of thé'T;, level. After the excited ion radiatively
decays to thé A, level, additional heat is deposited by the ion
A. Spatial Temperature Distribution as it decays down to the ground state of the laser. To quantify

The model determines the three-dimensional (3-D) tempefi€ contribution of quantum defect heating, the pumping rate
ture profileT (r, z) inside the laser rod using the classical hedt» (7, z) is defined as the number of atoms excited into the

flow equation [26], [35], [36] upper laser level per second per unit volume [14]
k- V2T, 2) = Q(r, 2) (1) o 2Bty —2r?
Ry(r,2) = hmwg(z) exp(—apz) exp wg(z) (5)

whereQ(r, z) is the thermal power density (W/énandk is
thermal conductivity (W/Kcm). It assumes that the heat flowwhere P, is the pump power incident on the crystal (W),

is not influenced by axial conduction except near the end fadeshe absorption coefficient at the pump wavelength<(Em

of the laser rod and that to first order the heat conductionasd rn is the refractive index of the crystal. We assume that
primarily radial, with negligible longitudinal(z) heat flow. the pump beamu, has a Gaussian spatial distribution

The heat flow equation then becomes purely radial [1], [32]

L9 (e, Q) . w3(2) = who(2) [1 (22 )] ©)

2
ror ar k %o
If it is assumed that the heating souK@ér, z) has a Gaussian Wherewy, is the beam waist of the pump laser.
radial distribution and an exponential decay along the lengthThe thermal power density induced by quantum defect
of the rod, the analytic solution to the differential equatiofeating of a laser crystal is defined as [14]
above is given by Innocenst al. [32] as dPy 1 1
ePae™* Qqa = av he{ v - Ry

A Ae
)2 ar i o2 972 whereh is Planck’s constant. Equation (7) shows that, as the
. {111(—”) +El<—") - E1<—>} (3) pump wavelength approaches the center fluorescence wave-

-2 2 2 . .
! “p “p length, quantum defect heating is reduced.

whereT(r, z) is the temperature of the rod (K) as a function 2) Upconversion: Upconversion occurs in the &r

of radius and lengthf’(b) is the constant temperature at the€olquiriites when two excited ions in the upper metastable
surface of the rodp is the input pump power (W) is the laser level*T; interact and exchange energy. As shown in the
percentage of the pump power converted into heais the energy level diagram in Fig. 2, one ion transfers its energy to a
absorption coefficient of the pump light (cth), w, is the neighbor ion, causing it to decay to thel, ground state. The
1/e* Gaussian radius of the pump beam (cm), dadis the energy transfer promotes the second ion into a higher Kfifig

()
T(r,z) =T(b) +

exponential integral function defined as excited state. Heating occurs when the excited ions irtThe
o L=t state nonradiatively decay back down to the upper laser level
E(x) = / —dt (4) *T5. This nonradiative relaxation results in a quantum of the
x t fluorescence energy contributing to heating of the lattice [21].

for (largx| < w) [37]. 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 it tdep@d colquiriites.

to the square of the upper state population density. As theWe define the critical temperature as the temperature at
pump power is increased, the upper state population densitigich the upper state lifetime of the material drops to one-half
increases. An increase in population density leads to additiooélthe radiative decay lifetime at room temperature {Z5.
upconversion heating. To quantify the thermal power densithis strong lifetime dependence on temperature results from
contribution from upconversion, the upper state populatighe fact that for each colquiriite there is a temperature above
density must be determined. We begin with the steady-statbich the normal radiative decay between ##§ and *A,

rate equations for a CW pumping of a quasi-four-level lasstates gives way to faster nonradiative processes. The upper

system [4] state lifetimer(r, z) of a fluorescent ion at a positiofr, z)
M Crrn - M oo o) in a crystal is described as
o A L 1, 1 (11)
(Va2 ® ) )

. I . where
wherer(r, z) is the upper state lifetime (s}, is the upconver-

sion parameter (ctts), o is the emission cross section (&mn Tax(r, 2) = 70 exp AE (12)
0esa IS the excited state absorption cross section?jcand A w kT (r, z)

¢ is the laser |nten_3|ty (W/ck) [16], [20]. The_te_rms |n_(8) a0 wherer,. is the radiative lifetimey,,, is the nonradiative
describe the pumping rate, spontaneous emission, stlmula]? . o o e
ifetime, ), is the nonradiative lifetime at low temperatures

emission, excited state absorption, and upconversion, respgec; K),  i$ the Boltzmann constant, ansiE is the activation

tively. Solving (8) for the upper state population density Wh”energy [24]. The activation energy is the energy difference be-
assuming no stimulated emission and excited state absorptt'v%en the v'ibrational ground state energy of & level and
gives the energy at which th&r;, and* A, potential energy surfaces

B \/1 + 4972 (r, 2)Ry(r, 2) — 1 cross. Table | lists these constants for several colquiriites. The

No(r,z) = 27 (r, 2) . ) upper state lifetime;.(r, z) can be determined by solving (11)

The assumptions of no stimulated emission and no excited (r2) = 7T (7 2)

state absorption are made in this case to compare the predic- T+ (7, 2)
tions of.the code with thg measurements of the thermal I.ensrrpge thermal quenching of fluorescence thermal power density
of media that were not in a laser resonator. ONegr, z) is g given as [14]
known, the thermal power density for upconversion is given
as [14] O = dPq _ heNy(r, z)' (14)

1 av ApTax (7, 2)
dPy,  he

I 2/,
=3 N2 (10)

(13)

Qup =

4) Total Thermal Power DensityWith the thermal power
. density for each individual heating source known, the total
3) Thermal Quenching of Fluorescencghe fluorescence eormal power density is determined by summing the contribu-

lifetime of Cr** ions in the colquirite host displays atqns of each heating source. The total thermal power density
significant temperature dependence [24]. At low temperatur%s,given as

the upper state lifetime is nearly constant with respect to
temperature. As the temperature of the crystal increases, thélw(r;z) _ dPqa(r, 2) n dPyp(r,2) | dPig(r,2) (15)
lifetime drops rapidly. av av av awv
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TABLE | 0.4
PHYSICAL AND OPTICAL PARAMETERS OF COLQUIRIITES 0.2 0-’3_ "
Parameter = LiSAF | LiSGAF | LiCAF 0 0-41_ T
A, (hm) 653 653 653 O L
¢ 100
A, (nm) 850 830 780 o, :
n 4T 141 141 [E) 50
T, (1s) 67 88 190 01
T, (10Ts)y 2.4 6.9 1.3 ~0.2" .
~-0.1 o
AE (cm™) 5125 5155 8532 o &
T <1 Radius (cm) 0.1 - $
o, (em™) 6.81 6.81 6.81 : 02
k (W/°Kem)  0.031 0.035 0.485 ) o ) ) )
S &5 Fig. 3. Temperature rise in a 1.5% Cr:LiSAF laser rod as a function of radius
v (10%cm’s) 6.5 6.5 1.65 and length in the laser rod for 1000 mW of incident pump power.

per state population converging to a stable solution after
)|ye iterations.
Described below are model calculations for the resulting
temperature distributions for different values of the pump
! b 4Py, power P,,. These calculations are then repeated for several
Po, = L - /1 o AV 2mr dr dz. (16)  gifferent colquiriite crystal materials. These estimates are made
for realistic pump beam dimensions within rods of sizes
The percentage of pump power converted into liegis found  commonly used for diode pumped colquiriites. In addition, the
by dividing the total thermal powefF;,) by pump power effect the temperature rise has on the upper state lifetime is
incident on the crystalPy). calculated. The model assumes there is no stimulated emission,
no laser resonator around the rod, and therefore no extracted

1. M ODEL ESTIMATES OF THE TEMPERATURE DISTRIBUTION Optical Iaser pOWGI’ fl’0m the I’Od. The Ca|Cu|atiOI’lS aISO ShOW

The equations deduced in the previous section have beﬁgﬁ relative contributions to the thermal power density coming

: oS TR . m the heating effects of quantum defect, upconversion,
(L:szq%itrﬁtsls.:\lsn:a?tridtz?otresrzsg:thl\J/flu((jalsStcr)lfbtlﬁt:eO;uIrzps)lgivsgrre':'egﬁd thermal quenching of fluorescence. Without a resonator
solution to the heat equations assumes that the thermal .pot\%v?eorund the 'Iaser rod, thg calculated result; which follow are

. : T onservative upper estimate of the magnitude of the heating

density has a Gaussian radial distribution and an exponen '?ﬁects inside the laser rod
decay in thez direction. The temperature distribution inside '
the crystal is determined using a recursive method similar to i
that described by Balembogt al. [14]. A. CriLISAF

First, the equation for the thermal power density is solved The temperature increase above room temperature in a 4-
using only the quantum defect heating effect. This is domem-diametex 4-mme-long, 1.5% Cr:LiSAF laser rod for 1 W
because quantum defect heating is not temperature-dependsinpump power is shown in Fig. 3. The Gaussian pump beam
The amount of pump power converted into heat is thdras a 38 micron diameter at the input face of the crystal.
calculated by the method discussed above. The first spalfifle pump wavelength entered into the code is 653 nm which
temperature distribution is calculated, with the results inserted the weighted average for the 647 and 676 Krypton ion
into the temperature-dependent lifetime formula (13) to detdaser lines. The center fluorescence wavelength is set to 850
mine the spatial profile of the upper state lifetime. This newm at the peak of the LiSAF emission cross section. The
upper state lifetime profile changes the upper state populatiblermomechanical parameters entered into the code are shown
density profile, which changes both the upconversion and timeTable I. For 1 W of pump power, Fig. 3 shows that the
thermal quenching of fluorescence thermal power density. induced temperature gradiefhT’) inside the laser crystal is

The thermal power density, now including the heatingver 100°C.
sources due to quantum defect, upconversion, and thermaFig. 4(a) and (b) shows the upper-state lifetime as function
guenching of fluorescence, is integrated over the volume of theradius and depth in the crystal for 500 mW and 1 W of
crystal to determine the total thermal power and the percentggenp power, respectively. At a pump power of 500 mW, there
of the pump power converted into hegat). is a small dip in lifetime at the center of the front face of the

Since the model requires that the total thermal power densitiSAF crystal. This dip is caused by the small volume near
has an exponential decay in thedirection, the newly calcu- the front face where the temperature has exceeded the critical
lated thermal power density is fitted to an exponential decagmperature. When the pump power is increased to 1 W of
This fit determines the power density absorption coefficiepbwer, the temperature rise at the input face of the crystal is
Qtherm- These new datas(and ainerm) are then inserted so large that the upper state lifetime has fallen to zero in that
back into (3) to recalculate a new temperature distributioregion, as shown in Fig. 4(b). The impact that this upper state
The whole process is then repeated with the temperature difetime decrease has on the upper state population density can

The total amount of pump power converted into heat in t
crystal is found by integrating the total thermal power densi
over the crystal volume
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radius and length in the laser rod for 1000 mW of incident pump power. power.

be seen in Fig. 5. When the pump power is at this high level, It can be seen that the quantum defect has a large effect on
the upper state population can be severely depleted. Thighie center axis of the rod where the pumping density is highest.
important to note because the upper state population is z&te quantum defect heating spatial distribution is identical to
despite the fact that the pumping density is the highest at tte pump beam spatial distribution which agrees with (7) in the
front face of the crystal. The upper state population depletidimeory. At high pump powers (1 W), there is little heating from
leads to a decrease in gain with increased pump power. upconversion at the center of the beam (Fig. 7) because of the
Figs. 6-8 illustrate the relative magnitude and location of tteforementioned depletion of upper state population at the front
guantum defect, upconversion, and thermal quenching heatfage of the rod. As shown in (10), the upconversion heating is
sources in the LiSAF crystal for 1 W of pump power. proportional to the square of the upper state population density.
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Fig. 9. Plot of quantum defect, upconversion, and thermal quenching po
deposited in a 1.5% Cr:LiSAF laser rod for pump power ranging from 0
1000 mW.

\'I)L-elgr] 10. Plot of quantum defect, upconversion, and thermal quenching power
geposited in a 1.5% Cr:LiSGAF laser rod for pump power ranging from 0
to 1000 mw.

The code correctly shows that the reduction in upper stadgproaches the critical temperature for nonradiative decay.
population near the front face eliminates the opportunity f@jyer one-half of the pump power is directed into crystal
upconversion heating to occur. Therefore, as the pump POWRIating for 650 mW of pump power.
is increased, upconversion heating slowly decreases. At higher pump powers>700 mW), thermal quenching of
As can be seen in Fig. 8, the thermal quenching of fluoreuorescence is the largest heating source. With the temperature
cence is greatest at the center of the front face of the crystalthe center of the rod well above the critical temperature for
The spatial distribution of thermal quenching of fluorescenenradiative decay, upconversion heating is decreasing due to
heating changes little with pump power. However, the peake depleted upper state population. For 1 W of pump power,
value of the thermal quenching power density at the center gfproximately two-thirds of the pump power is directed into
the rod for 1 W of power is five times higher than the peadrystal heating.
value of the power density for 500 mW of pump. It should be noted that our model, while similar to that
As described in (16), the total thermal power which iglescribed in [14], assumes a larger pump spot size and a
deposited in the crystal is calculated by integrating the totsthorter pump wavelength. These differences result in greater
thermal power density over the volume of the crystal. Thguantum defect heating and a higher pump power at which
thermal power due to each individual heating source can thee thermal runaway occurs.
found by integrating each thermal power density individually.
The thermal powers for each source are shown in Fig. 9 fBr LISGAF

pump powers ranging from 0 to 1 W. _ We recalculated the temperature increase above room tem-
At low pump powers, €400 mW), the quantum defect iSyaratyre for a 4-mm-diameter 4-mm-long, 1.5% Cr:LiSGAF

the predominant heating source. The upper s.tate pop-ulat|.gger rod for pump powers ranging from 0 to 1 W. The
density is increasing and likewise upconversion heating i&imp conditions were identical to those described above. The
increasing. Thermal quenching of fluorescence is insignifica(‘gg.nter fluorescence wavelength was 830 nm, at the peak of
at these power levels because the temperature of the roghis | iSGAF emission cross section. The thermomechanical
still well below the critical temperature for nonradiative decayyarameters used in the code are shown in Table I. The
For 400 mW of pump power, approximately one-third of thghduced temperature gradiepAT’) inside the laser crystal is
pump power is converted into heat. approximately 8C°C for the same pump conditions as in the
At moderate power levels (400-700 mW), there is a CONiSAF results. This temperature rise is over 20 less than
siderable change inside the laser rod. As the pump powgf LiSAF with the exact same pump conditions and dopant
is increased above 400 mW, the temperature begins to righcentration.
inside the rod and thermal quenching increases significantly. The thermal powers deposited inside the LiISGAF crystal for
Upconversion heating also increases until approximately 6g0antum defect, upconversion, and thermal quenching heating
mW of pump power where it peaks and then begins #re shown in Fig. 10 for pump powers ranging from 0 to 1
slowly decrease because the upper state population dengityFor power levels up to 800 mW, both upconversion and
is slowly decreasing due to upper state lifetime quenching. Byiantum defect play a similar role in heating up the laser
doubling the pump power from 500 mW to 1 W, the uppetsrystal. Thermal quenching does not become a significant
state population density is nearly constant. For these puimngating source until the pump power reacheg00 mw.
conditions, any increase in pump power above 1 W is wast@tlermal quenching of fluorescence is insignificant up to
as heat inside the crystal. Fig. 9 shows graphically that #és high pump power because the critical temperature for
the pump power increases above 600 mW a type of thernmanradiative decay in LISGAF is 88C. A thermal runaway
runaway occurs. This happens when the rod temperatuapidly occurs in LISGAF above 900 mW of pump power.
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350 ——. . : TABLE 1
: 1 THERMAL PROPERTIES OFCOLQUIRIITES
_.300 [ Ot R R Property T TiSAF T TiSGAF T TICAF
% L | = = Thermal Quenching | P dn/dt (10°7°C) e | -40 . 456
£250 | | L adt(10/°C) Lo 23 = 47
8 200 L o (1097°C) e | -10 0 36
@ ; Lo o (I0%7°C) Te i 25 12 2
g 150 =
Q
= 100 media heats up, the material expands and contracts. These
50 - movements cause internal stresses to build up within the laser
[ rod. These stresses can cause the index of refraction to change
0 - ‘ in a localized area of the rod. These stress-induced index of
0 200 400 600 800 1000 refraction changes combined with the temperature-dependent
Pump Power (mW) index of refraction can induce severe optical distortions to a

Fig. 11. Plot of quantum defect, upconversion, and thermal quenching pod@ser beam passing through the laser media [38]. One of the

deposited in a 1.5% Cr:LICAF laser rod for pump power ranging from 0 tgptical distortions caused by these stresses is thermal lensing.

1000 mw. To quantify the effect of thermal lensing on a laser media,
the lensing power of an isotropic material can be described

At this point, thermal quenching of fluorescence is the majbly [22], [38], [39]

heating source. Upconversion heating begins to decrease at _  4/AT[1 dn 5 ar(n—1)

these high power levels because of the thermally induced upper fr.s = 2 |3ar " aCygn” + — 7 17)

state population decrease. . o . .
wheren is refractive indexdn/dT is the change of refractive

C. LICAF index with temperaturel(/°C), « is the coefficient of thermal

expansion {C™!), AT is the temperature difference between

~We recalculated the temperature increase inside a 4-mfRs center of the rod and the edge of the rods the radius
diameterx 4-mm-long, 5% Cr:LICAF laser rod as a functionyf the rod, andi is the length of the rod. The first term in

of input pump powers ranging from 0 to 1 W. The pump;7y dn/dT, describes the refractive index change induced
conditions are identical to those described above for LiS y the change in temperature. The second tétm, is the
and LISGAF. The center fluorescence wavelength is set fear combination of photoelastic constants that result from

780 nm, the peak of the LICAF emission cross section. Themperature-induced stress inside the crystal. The last term
thermomechanical parameters entered into the code for LICAEscribes the physical distortions to the ends of the rod
are shown in Table I. The induced temperature gradi&y¥) causing it to act as a lens.

inside the laser crystal is only 4€. This is over 60C cooler A symmary of these measured thermomechanical properties
than LISAF and 40°C cooler than LISGAF with the samefor the colquiriites is shown in Table Il. The temperature-
pump conditions and pump wavelength absorption Coeﬁ'c'eﬂbpendent refractive indegdn/dT") in LICAF and LiSAF
The absorption coefficie_nt for 5% Cr:LiCAF i_s approximately,ave peen guantitatively measured to be negative [22], [25].
the same as 1.5% Cr:LISAF and 1.5% Cr:LISGAF. The negative thermal refractive coefficient is typical of the
_The thermal powers density for quantum defect, Upconvfyoride laser crystals [39]. Wn/dZ was the only contribution
sion, and thermal quenching of fluorescence are shown in Rig. thermal lensing, the colquiriites would exhibit negative
11 for pump powers ranging from 0 to 1 W. There iS Nghermal lensing. However, since the stress-optic coefficient
thermal quenching of f_Iuores_<_:ence at these power Ievels_ln_ ) is nearly always positive [39], the linear combination of
CAF because of the high critical temperature for nonradiatiYge temperature- and stress-induced refractive index changes
decay in LICAF (190°C). As seen from Fig. 11, quantuMieng to cancel, resulting in reduced positive thermal lensing.
defect' heating in LICAF is also low when compared to .L|SAlfn contrast, in oxide laser crystals such as Nd:YAG, the
and LISGAF because the pump wavelength (653 nm) is Mugdperature- and stress-induced refractive index changes are
closer to the center fluorescence wavelength (780 nm). Th&qitive, resulting in stronger thermal lensing. More quantita-
lack of thermal quenching and the low quantum defect legge results in our lensing theory is hindered by the fact that the
to a rapid buildup of the upper state population. This has the  terms have not yet been measured in any of the colquiriite
unfortunate result of producing a large amount of upconverS|gwsta|s' In one work, the values for tii& , terms in LICAF
heating. This is despite the fact that LICAF has four times legge approximated by using the values for C4E2].
upconversion than LiSAF [16], [17], [19], [20]. Thus, the limit-

ing factor in any LICAF laser rod is upconversion, not thermaly, EyperIMENTAL MEASUREMENT OF THERMAL LENSING

quenching of fluorescence as it is in LISAF and LiISGAF. ) -
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
The pump-induced temperature gradient across the lasafculations were made in order to determine the physical

rod creates stresses inside the laser medium. As the ld#waits to scaling the colquiriites to higher average powers. The

IV. THERMAL LENSING
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Fig. 13. Experimental data showing thermal lensing focal power versus

Fig. 12.  Experimental setup for thermal lensing measuremeéits: 10 cm  opoqrped pump power.

PL/CX lens, DM: dichroic mirror, HR 650 nm, HT 543 nni,2 = 15 cm
PL/CX lens,PH = 50 pm pinhole, D = Detector.

) ) _ with the temperature controlled laboratory environment. The
results of these thermal lensing experiments are being usegy{@m waist of the focused probe beam was determined by

assist in the development a high-average-power diode-pumR@dnning the position of the pinhole along thexis. In order
tunable colquiriite laser system. to effectively remove heat from the laser samples, each sample
The optical layout for the experimental measurement Qfss lined with a 0.005-in-thick layer of indium foil before
thermally induced lensing is shown in Fig. 12. Diode pumpingeing placed into the heat sink. The indium was used because
in these experiments was simulated with the use of a highrts excellent thermal conductivity and the indium foil allows
quality krypton ion laser. The pump laser (Spectra-Physigge |aser crystals to expand without placing additional strain
2017) was operated on both the 647- and 676-nm red lingsto the crystal lattice.
(power ratio 4:1) in a single transverse mode and was linearlyThe thermally induced focal length is calculated using the

polarized. The use of a krypton ion laser simplifies thgeneral equation for a two-component system [41]
calculation of the thermal lens because of its Gaussian mode 5

profile. The induced thermal lensing was monitored with a fau=d—f+ G (18)
CW probe laser. The probe laser was a linearly polarized

green (543.5 nm) helium neon laser. The probe laser wibere d is the distance between the crystal and the probe
collimated and passed through the center of the colquirig@am focusing lens (m)f is the focal length of the probe
crystal. Collimation of the probe laser was verified using Beam focusing lens (m), ands is the displacement of the
lateral shearing interferometer. The two lasers were combine@am waist due to the thermal lens (m).

with a dichroic mirror and aligned to overlap spatially inside The measured thermally induced focal powey fi;,) of

the laser crystal. The polarization of both lasers were adjust&§ colquiriite laser samples are shown in Fig. 13. The figure
such that their electric fields were parallel to the crystalineShows the induced focal power for 1.5% and 5% Cr:LiSAF,
axis. The krypton-ion pump beam was focused into the crystaPp% Cr:LISGAF, 3% Cr:LiSCAF, and 3% and 5% Cr:LICAF
with a 10-cm focal length plano—convex lens resulting in Blotied as a function of absorbed pump power. The data
calculated 3§:m pump radius inside the crystal. After passin§nown in Fig. 13 shows that the thermal focal length is
through the laser crystal, a dichroic mirror separated the tf§arly inversely proportional to the absorbed pump power, in
beams and the system alignment was verified by analyzing #f°d agreement with thermal lensing theory [4]. It should be
probe beam spatial profile with a two-dimensional (2-D) ccifoted that we were unable to measure any thermally induced
array (Spiricon LBA-100A). An increase in pump power Om)yensmg in Cr:LiCAF in this experimental setup. The strongest

resulted in a change to the probe beam diameter and did hgrmally induced focal length in these experiments was over

induce any ellipticity or pointing drift onto the probe beam. 1-> M long.

To measure the effective focal length of the laser crystals,
the technique discussed by Burnham [40] was used. This VI. DisCUsSION
technique is very sensitive to small changes in the probe beanAs noted earlier in Section 1V, if the thermal lensing in
divergence. The probe beam was focused with a 15-cm plariee laser rods were only the result of the temperature-induced
convex lens through a 50@m-diameter pinhole. A calibrated index gradient, the sign of the thermal lens should be negative.
power meter (Coherent Labmaster with LM-2 detector head)However, as the pump power was increased, we measured
detected the transmitted power through the pinhole. The lagexak positive thermal lensing. We believe this low amount
crystals were pumped with the krypton-ion laser for one halff;, >1 m) of positive, thermally induced lensing in these
hour to ensure that the crystals were in thermal equilibriuoolquiriite materials is a direct result of the compensation of
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VILI.

We have measured the pump-induced thermal lensing of
Cr*t-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
?emperature-dependent lifetime and thermomechanical prop-
erties make it a promising colquiriite material. However, the
poor optical quality and large amount of scattering in currently
negativedn /d1" by the positive stresses and expansion of th@ailable LICAF limits the potential of this material at this
crystal. time. We have also shown that the laser material, LiISGAF,

We were unable to measure any thermal lensing in ty& a compromise between the superior thermomechanical and
different LICAF samples with pump powers of over 1 Wthermal lensing properties of LICAF and the less favorable
However, weak thermal lensing behavior has been obseryBdrmomechanical and thermal lensing properties of LiSAF.
in a flashlamp-pumped LiCAF system [22], [38]. From th&vith improvements to its optical quality and scattering, LICAF

latter, approximate values fd¥, , were then used to help the-could become the clear choice for a high-average-power
oretically explain why the LICAF had less thermally inducegunable laser-diode-pumped laser system.

lensing than alexandrite [22].
We believe the different thermal lensing signals for each
material are the direct result of two different contributing ACKNOWLEDGMENT

fact_ors. _ _ _ ~ The authors thank B. H. T. Chai, H. P. Jenssen, and A.
First, each material has slightly different thermomechanicglasannho for growing the laser crystals used in these studies.

properties, specifically the critical temperature for quenchinghey also thank M. Yamanaka and M. Bass for the many

of fluorescence. Therefore, for identical pump conditions, eagBeful discussions about this work, J. Cormier for machining

colquiriite material converts a different amount of the pumghe crystal heatsinks, and M. Silver for assistance in polishing
power to heat, resulting in different temperature gradiengge |iCAF and LISCAF samples.
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. LiISCAF’s thermomechanical
properties, to our knowledge, have never been measured. A$ a. K. Cousins, “Temperature and thermal stress scaling in finite-length
expected, the highly doped 5% LiSAF heats more than the end-pumped laser rods|EEE J. Quantum Electron.vol. 28, pp.
o | ; ; » 1057-1069, 1992.

1_'5A) LISAF, due to the higher absorption Coeﬁlc_:lent' AS[Z] T. Y. Fan and A. Sanchez, “Pump source requirements for end-pumped
discussed above, the LISGAF heats less than the LiSAF since lasers,”|EEE J. Quantum Electronvol. 26, pp. 311316, 1990.
the critical temperature is lower in LISAF than in LiSGAF. [3] M'dogmrli *|<( N?}'FEO, K. 'Sth'ka\;V%,M- Ak?rt]suruy T-d_SESO, M. Yafga?r?ka- |

. T . an . Nakal, arametric stuaies on the laser-diode-pumpeaq, thermal-
LiICAF heats the least of all the colqglrute materials because lensing-compensated mode-lockégkswitched Nd:YAG laser.Jpn. J.
of the low amount of thermal quenching of fluorescence. Appl. Phys, vol. 33, no. 5A, pp. 2579-2585 1994.
Second, the differences in thermal Iensing can also b¥l W. Koechner, Solid State Laser Engineeringdth ed. New York:
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