350 IEEE JOURNALS OF QUANTUM ELECTRONICS, VOL. 39, NO. 2, FEBRUARY 2003

Analysis of Heat Generation and Thermal Lensing
In Erbium 3+:m Lasers

Markus Pollnau

Abstract—The influence of energy-transfer upconversion (ETU) induce additional nonradiative decay. This last argument is not
between neighboring ions in the upper and lower laser levels of er- necessarily true for I\FtT-doped 1pm lasers. Under diode
bium 3-pm continuous-wave lasers on heat generation and thermal end-pumping, ETU processes between neighborin@*’Ndns

lensing is investigated. It is shown that the multiphonon relaxations - oS
following each ETU process generate significant heat dissipation [9], [10] can lead to significant extra heat dissipation in the

in the crystal. This undesired effect is an unavoidable consequence Crystal [11], [12] when operating this system in a regime of
of the efficient energy recycling by ETU in erbium 3.um crystal higher excitation density such as@switched laser or an
lasers, but is further enhanced under nonlasing conditions. Similar amplifier.

mechanisms may affect future erbium 3pm fiber lasers. In a three- The situation deteriorates noticeably when mid-infrared
dimensional finite-element calculation, excitation densities, upcon- .. . . .

version rates, heat generation, temperature profiles, and thermal Igser transitions are excited W!th h_lgh-_power 800- or 980-nm
lensing are calculated for a LiYF, : Er3t 3-umlaser. Inthe chosen diode lasers. The Stokes efficiencies in these systems are by
example, the fraction of the absorbed pump power converted to far less favorable than in the Am laser systems. (For certain
heat is 40% under lasing and 72% _under nonlasing conditions. ground-state laser transitions, this fact can be improved by
The heat generation in a LiYF, : Er** 3-um laseris 1.7 and the  gjiract upper-state pumping with mid-infrared lasers [13], [14]).

thermal-lens power up to 2.2 times larger than in a LiYF, : Nd®t . . . - : 3434
1-um laser under equivalent pump conditions, thus, also putting a The gain cross sections in the mid-infrared TmHo™*, Er'™,

higher risk of rod fracture on the erbium system. and other systems are typically an order of magnitude smaller
and pump thresholds are usually high. Recent experiments have
shown that axial cooling of a mid-infrared thin-disk laser does
not deliver improvements similar to those obtained withr-

|. INTRODUCTION lasers [15]. Furthermore, competition of multiphonon relax-
ion (MPR) with radiative decay leads to quenched upper-state
etimes and reduced quantum efficiencies. For transitions

increasing obstacle to the further power scaling of high-pow% :]Nii; 2h'3 ltmnl Tlr?"r"f/\l/?t% fh\'; (r:]uincnhl:g gftfr: retgu;re\?
diode-pumped solid-state lasers. In this respect, high_gu‘ﬁeﬁor ?herorﬁal SOﬁditiivities Oan((aj fﬁagtu?e ﬁm?tsg iimuaézo
systems with large Stokes efficiencies such as’™Ndand P

Yb**-doped 1xm lasers provide several advantages over oth roxi(_je materials. Worst of all, the en_e_rgy-level schemes of
systems. First, these systems possess a low pump thres e ions are more complex and parasitic effects such as ESA,

and high power-extraction efficiency and naturally convert » and CR often reduce the quantum efficiencies and induce

relatively small percentage of the absorbed pump power in jther noqradiativg dgcay and heat dis;ipation. qu future
heat. Second, these systems can be side pumped, which leafSY" s_,callng of m_|d-|nfrared I_aser_sz de_talled anaIyS|_s_ of _the
a relatively uniform heat deposition inside the active mediu opulation mechanisms for an identification and quantification

or lend themselves to an axial-cooling approach such as fhfethe relevant processes will be required in order to understand

thin-disk concept [7] that avoids strong transverse temperatlfﬂ%d possibly circumvent excessive heat dissipation in these

- X . - tems.
radients and consequent thermal lensing. Third, since non?gl‘f' . N . .
g 9 9 Erbium lasers operating in the mid-infrared spectral region

diative quenching of the upper laser levels of these tranSitior?ﬁar 3.m (Fig. 1) are of great interest for specific applica-
is weak in many crystalline materials, the choice of host syste ns in laser microsurgery [16]-{18] due to the high absorp-

is governed by power-scaling considerations, and the crys@gl YR X . .
system with the most suitable thermal and thermo-optic ?hOf 3-um rl"."d'?t'on n Wat')teran? blolodglcilhtlsslue.dAlnumbe(rj.
parameters can be chosen. And fourth, the’Ylion has a of these applications can be performed with puised faser radi-

very simple energy-level scheme that avoids parasitic effe téon that has been obtained from flashlamp-pumped erbium-

[8] such as excited-state absorption (ESA), energy-trans gped oxide materials such agM;01, (YAG). These lasers
upconversion (ETU), or cross relaxation (CR) that coul n now be replaced by diode-pumped systems [19]. In specific
' iomedical applications, high peak powers must be avoided and

continuous-wave (CW) radiation with output power8 W is
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EAT generation with its undesired consequences
thermal lensing and rod fracture [1]-[6] has become
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CH-1015 Lausanne, Switzerland (email: markus.polinau@epfl.ch). ?.4]’ [25] and CW slope efficiencies beyond the Stokes effi-
Digital Object Identifier 10.1109/JQE.2002.807207 ciency of the system have been demonstrated experimentally

0018-9197/03$17.00 © 2003 IEEE



POLLNAU: HEAT GENERATION AND THERMAL LENSING IN ERBIUM 3um LASERS 351

“Fare - TABLE |
2H11/2 H r SPECTROSCOPICPARAMETERS OFLiYF 4 : Er¥*. GIVEN ARE THE LIFETIMES
1S i— 15 = 400 us 7; 11§ OF ALL LEVELS, RELEVANT BRANCHING RATIOS 3;; [%] OF INTRINSIC
MPRz DecAy TO LOWERLYING LEVELS, NONRADIATIVE FRACTIONS¥; ;—1 [%] OF
ETU, CR TRANSITIONS /3; ;1 TO THE NEXT LOWERLYING LEVELS, ENERGIES
“For AF [cm~!] CONVERTED TOHEAT BY MULTIPHONON AND ENERGY-TRANSFER
ESA PROCESSES ENERGY-TRANSFER PARAMETERS W, ; [cmPs~!], AND
ETU, PARAMETERS OF THELASER TRANSITION IN 7-POLARIZATION
4
lor2 =
Linear processes T By Vi1 AE
112 Y ,-45ms -
A MPRj 2= *Fap : Bos 2 100 100 2134
“Ssn/ Hur : Bss, Bsz, Bsz, Bst, Bso 400 30,2,1,18,49] 100 3115 .
4
l1ar2 T =12 ms Fors : Baz, Pz, g 100 90, 1,9 100 | 2955
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Loz * Baz, Bao 6.6 99,1 100 | 2143
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“Tan : Pro 12000 100 0 6535
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Fig. 1. Energy-level scheme of LiYF Er**. The dashed lines indicate the

relevant energy-transfer transitions and the dotted lines indicate the maj Clin, *lun) = Clisn, “Froy: War | 335107 N 0
multiphonon transitions that contribute to heat dissipation in the crystal. CHom, *Tism) = (T “Ton): Wao 1x1016 ) 400
[26], today’s CW output powers at 3m are still moderate, _ Leserimansition Tz = “Lizn | Upper State | Lower State AE
The highest output power of 1.8 W was obtained from a diode stark level 2 4 125
pumped erbium-doped LiYF(YLF) slab system [27]. These ggiezmann factor 5; (300 K) 0.201 0.111
erbium 3um CW lasers suffer from strong heat generation an .

CEENEracy g; 2 2

thermal lensing and further power scaling is hampered by tt.
occurrence of rod fracture.

In this paper, gqqantitative aqalysis ofthe processes tf]rat IG¢h parameter W/, the laser transition, and all fluorescence
to heat generation in a 10-W diode-end-pumped LiYEr’ and MPR transitions from the levels included in the simulation.

3-um laser system is performed. It is shown that part of the In Table I, the relevant spectroscopic parameters of
heat generation occurs in direct connection with the energy_[%zih et ’are presented; see [23], [25], [28]-[30], and

cycling mech{:mlsm, bl.JF that significant extra he.at '_S g(_anera erences therein. The intrinsic lifetimes of the excited levels
under nonlasing conditions. The temperature distributions a% given. The branching ratiog; include radiative and
thermal-lens powers that res_ult frqm the the_r mal ir_1put {2}13 CXonradiative parts and are caIcuIJated from Judd-Ofelt data
culated. Quantitative comparison is made with a LIYNd for the radiative transition rates in Lii\F: Er** [28] and

1-um laser system under equivalent pump conditions. from the fluorescence lifetimes; with the procedure used
in [30]. This procedure assumes that the difference between
the total intrinsic decay ratg ! and the sum of the radiative

The computer model used for the simulations of this papdecay rates is due to MPR into the next lower lying level.
is described in detail in [11]. It solves the equations for th€he nonradiatively emitted fraction of the rate into the next
population mechanisms, heat generation, thermal flux, templwer lying level is given by, ;_;, i.e., the branching ratio
ature profile, and thermal lensing in the pumped region of thg;_, splits into a radiative parfl — +i;_1)fii—1 and a
crystal with three-dimensional (3—D) (tangential, sagittal, lomonradiative party; i_; fii—1. The parameters of the ETU
gitudinal) resolution of 800 finite elements for the tetragonajrocess(‘llm/%4|13/2) — (4|15/274I9/2) from the lower and
system LiYR. Further spatial elements cover the remaininthe ETU;, process*l11/2, *l11/2) — (*l15/2,*F7/2) from the
outer parts of the crystal for the calculation of thermal flux, temupper laser levels at 15% erbium concentration [29], as well
perature profile, and thermal lensing. as the CR proces$Hi /2, *l15/2) — (*l13/2,*lg/2) from the

The nonlinear rate equations of the LiYFErP* system in- thermally COUpIedSS/z/2H11/2 levels. are given.
cluding all electronic levels from thd 15/2 ground state up to  In Table II, the relevant data of the LiYF: Er*t crystal,
the4F7/2 level (Fig. 1) are taken from [25, egs. (1)—(6)]. Thesthe pump and laser beams, and the resonator are summarized.
equations are solved in a Runge—Kutta calculation of fourfthe pump beam has its waist located at the crystal front sur-
order independently for each of the 800 spatial elements in ttaee and diverges on its way through the crystal. The erbium
pumped region. The rate equations consider the relevant piams are excited at 968 nm by GS‘A15/2 — 4|11/2 and ESA
cesses of the LiYE Er*T 3-um laser system such as groundﬁlllm — 4F7/2 [31], [32]. The absorbed fraction of the incident
state absorption (GSA) and ESA, ETU from the two laser levglgimp power is given for low input power. Absorbed fractions at
and CR from the thermally couplé&/Q and2H11/2 levels high pump power are slightly smaller because of ground-state
with parameters Vi as well as the inverse process of ETU bleaching. Itis assumed that after absorption of the pump power

Il. MODEL PARAMETERS AND EQUATIONS
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TABLE I lowed by intra-multiplet relaxation, i.e., the complete process
CRYSTAL, PUMP, LASER, AND RESONATORDATA involves relaxation from lowest to lowest Stark level of the
involved multiplets. Each ETUprocess from the lower laser
level generates heat, because the emission process involved in
Crystal radius 2 mm the energy transfer has a larger energy gap than the absorption
process, leading to the emission of one phonon. Consequently,

Crystal length 6 mm

Er’* conc. 207x10% em? its inverse process is endothermic, requiring the absorption
a5 at.%) of one phonon. The ETUprocess from the upper laser level
has a direct spectral overlap between the involved emission
Incident pump power 10W and absorption processes and can, therefore, be assumed to
Pump coupling efficiency 100 % generate no h?at. The cross-relaxation process occurs after
thermal excitation of the?Hll/g level and is endothermic,
Pump foci wy, 250 pm requiring the absorption of one phonon. The laser transition
generates heat, because it originates in a low Stark level of
Beam-quality factors My” 70 *111/2 and terminates in a high Stark level 9f; 5.
Pump wavelength 968 nm The parameters and values used for the calculation of the
temperature profiles and thermal lenses in LiY&e sum-
GSA cross section 2x10%! em® marized in [11]. The dissipated thermal power in each of the
ESA cross section 2102 em? 800 spatial elements is calculated from the energy gaps

(Table 1) and the rates of the multiphonon, energy-transfer, and
Absorbed pump fraction 91.6% stimulated-emission transitions. Radial convective cooling by
a water-cooled copper heat sink and convective air cooling at
the rod end faces is assumed. The 3-D thermal conduction is
considered for the calculation of the temperature distribution in
the laser rod, taking into account the anisotropy in the thermal
Double-pass losses 1.0% conductivity for the LiYF, host [33]. The calculation of the
thermal lens considers the contributions from the change in
refractive index with temperature and the bulging of the rod end
Laser wavelength 281pum - faces due to thermal expansion. The temperature dependencies
of the thermal conductivity, the change in refractive index with

(low pump power)

Optical resonator length 100 mm

Mirror reflectance in / out 100% / 98%

1 1 -20 2 . . . .
Atomic em. cross section 3x107 cm temperature, and the expansion coefficient are also considered
Eff. em. cross section (300 K) 6x10? cm? [11]- ) ) ) )
For a direct comparison between the LiYE Er*t and
TEMu laser-beam radius 250 pm LiYF4 : N&®* systems, it is assumed that the wavelength for

pumping a LiYR, : (1.1%) Nd** crystal near 797 nm is tuned
off-peak such that the same absorption length and the same
in each longitudinal element a Gaussian pump shape is maafsorbed fraction of 91.6% of the incident pump power (at low
tained, i.e., a possible degradation of the Gaussian pump shBgep power) is achieved over the same crystal length of 6 mm
due to ground-state bleaching and a radially nonuniform abso@s- in the LiYR, : (15%) ErP't system. Also, the pump focus
tion coefficient is neglected. and divergence are assumed to be equal (Table Il). The relevant
The laser transition at 2.84m in LiYF, : EP+ originates in  Spectroscopic parameters of LiyF Nd** can be found in
the second Stark level of tHé,, /» upper laser level and termi- [11] and references therein.
nates in the fourth Stark level of tﬁem/z lower laser level. For
the calculation of the stimulated-emission rate, the following
considerations are made. Thermal redistribution within the mul-
tiplets takes place instantaneously. Since the temperature profil@he population mechanisms of erbiumu& lasers have
of the active material is calculated in the simulation, the Boltbeen discussed in the literature to a large extent. The mech-
mann distributions of upper and lower Stark laser levels are camisms relevant to the investigation of heat generation shall
sidered with spatial resolution. The temperature-dependent leé reviewed here very briefly on the basis of the erbium level
fective emission cross section is the atomic emission cross setheme of Fig. 1. Direct excitation of tﬁén/g upper laser
tion weighted by the Boltzmann factor of the upper Stark lastavel at ~970 nm provides the highest Stokes efficiency of
level. The rate equations for the photon number in the resonaigr.kes = 35%. At the high erbium concentrations typically
and the stimulated-emission rate, given in [11, eqgs. (B17) aptesent in this laser system, pump ESA is practically negligible
(B18)], respectively, are modified to represent the laser tranf23]. After the laser transition at 2,8m, the*l, 5, lower laser
tion at 2.81um in LiYF, : EFT. level, which possesses a longer lifetime than the upper laser
The approximate energieQ £ converted to heat by eachlevel, must be depleted. The most beneficial way of doing this
process are presented in Table I. It is assumed that each MBRy exploiting ETY [20], [21]. Half of the ions undergoing
from leveli — ¢ — 1 (with branching ratioy; ;_1 ;1) is fol-  this process are excited ﬁog/z and recycled into the upper

I1l. HEAT GENERATION
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laser level by the MPR process?ly, — *l11,, thereby 140

. . . . ||—=—ETU1
improving the quantum efficiency of the system by a factor of 120 —~—MPR 1
two [23], [34], [42]. The highest slope efficiency is obtained 100 {|_5_cR
when optimizing the ratidVy; /W2, [23] of the parameters of 80 4|—o— MPR 2

ETU; and the parasitic ETdprocess that depletes the upper
laser level. This goal can be reached by optimizing the erbium
concentration (to~15 at % in LiYF, [22]). The energy that
is upconverted by the ETlUprocess followed by the MRR
process'F;/» — 2H11/2/*Sy) is recycled to both laser levels
by the CR process. 20—ttt

The amount of heat generated by each of the transitions indi-
cated in Fig. 1 is determined by the energy differedé con-
verted to heat by a single transition process (Table I) times the ) B
rate at which this process occurs per unit volume. Large eneig, & "o G Goten RUCEEST SR ront surface (st 0.5 )
differencesAE are converted to heat by the MPR processesd in the center of the pump beam (squarg2sf x 120 m2) versus incident
(Table I). Also the ETY process and the laser transition conPump power under gm lasing (open symbols) and nonlasing (solid symbols)
vert some energy to heat, the ETProcess is practically inert, Etons. Tue rete of E10' vy sl uner g and noniesng
whereas the CR process leads to cooling of the crystal, as was
discussed in Section Il

At an erbium concentration of 15%, all the energy-transféiese and all other relevant processes and, thus, also the heat
processes are typically more efficient than intrinsic dec#eneration tend to become linear with pump power [35]. The
from the 4|13/2, 4|11/2, and 453/2/2|-|11/2 levels. In addi- largestamount of heat is indeed generated by M@fangles),
tion, the intrinsic decay from these levels is partly radiativé®llowed by MPR. (diamonds). ETY and CR have a smaller
(i1 Biio1 < 1; see Table I). As a consequence, heat genéaﬂuence because each such process generates or removes a sig-
ation by MPR from these levels occurs at a relatively low ratgificantly smaller amount of heat. Under nonlasing conditions
Only those levels quenched by fast MPR, i, *Fg,2, and  (solid symbols), thé'n(z upper laser level is not clamped to
4F7/2, exhibit a predominant intrinsic decayf,» is populated laser threshold and builds up a significantly larger population
mostly by MPR from433/2_ However, since483/2/2H11/2 density compared to @m lasing conditions, thereby increasing
is depleted mostly by the CR process which bypassgs,, the rates of the ETWand subsequent MBRCR, and MPR
the *Fy,, excitation is small and MPR from this level occurgrocesses, i.e., the rates of MP&d MPR increase by similar
also at a low rate. In Contras‘ﬂg/Q and 4|:7/2 are strongly amounts, and so does the heat generated by these two processes
excited by the ETY and ETU, processes, respectively, andbecause of simila ). Cooling by the CR process increases
decay mostly by fast MPRy(;_1 ;-1 ~ 1; see Table ). accordingly, whereas the ETrocess is not much affected
Each energy-transfer process with its comparatively smégiray symbols for lasing and nonlasing conditions). In total,
exothermic or endothermic heat conversion is followed by &% of the pump power absorbed in the region of the highest
MPR process with large heat generation (5 Ttiggers MPR, Pump absorption is converted to heat, significantly more than
ETU, triggers MPR, CR triggers MPR). Consequently, in under lasing conditions.
each of these chains, the MPR process has practically th&Vhen comparing the pump powers converted to heat in the
same rate as the triggering energy-transfer process and nwisole crystals for the same incident and absorbed pump powers
be the dominant heat-generating procétss. is populated by in LiYF, : EP* and LiYF, : Nd** (Fig. 3), we find that the
both ETU, as well as the chain ET{) MPR,, CR, whereas erbium 3um laser generates'1.7 times more heat than the
4F7/2 is populated only by ETtl In addition, the erbium neodymium 1gm laser (3.7 W or 40% versus 2.2 W or 24%
concentration was chosen such as to achieve an optimized réeio9.2 W of absorbed pump power). Thus, the risk of rod frac-
W11 /Was. It follows that MPR has a higher rate than MBR ture is much higher in the erbium-laser system. Under nonlasing
while both processes have similar energy differenkés This conditions, the situation worsens for both systems. However, the
identifies MPR as the largest and MRRas the second largestratio decreases t©1.35 (6.6 W or 72% versus 4.9 W or 53%),
heat-generating process in the erbium system. because the power extraction in neodymium by thenilaser

Fig. 2 indicates the thermal power generated by each of tiignsition is efficient and the influence of ETU and subsequent
major transitions that contribute to heat dissipation in LiY¥F MPR is practically negligible under lasing conditions, i.e., the
Er** in the region of the highest pump absorption (front surfacdifference between lasing and nonlasing conditions is more pro-
center of the pump beam) versus incident pump power, calc@wpunced than in the erbium system.
lated from the rate equations undef:8t lasing and nonlasing  The erbium-doped 3 fluoride-fiber laser [34], [42] repre-
conditions. In an erbium 3m laser system (open symbols) opsents a promising alternative for the construction of a compact
timized for high slope efficiency and diode-end-pumped withigh-power diode-pumped efficient mid-infrared laser. Due to
10 W of incident power, 108 mW or 44% of the pump poweits large surface-to-volume ratio and consequent better cooling,
of 246 mW absorbed in this region of the crystal is convertetie optical fiber provides potentially higher pump and output
to heat. Since at higher pump powers the ETU processes dguowers than the bulk system without the drawbacks of thermal
inate over intrinsic decay for the depletion of the laser leveland thermo-optical effects. Nevertheless, significant heat is also
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Fig. 3. Calculated thermal power dissipated in the whole crystal versus
incident pump power under @m lasing (open symbols) and nonlasing (solid
symbols) conditions for LiYEF : Er>* (squares) and LiYF: Nd** (triangles).

The absorbed fraction of pump power is approximately 92% for all curves.

generated in this system. The lifetime-quenching regime [36]
that is achieved by co-doping the fiber with*Prions has so
far produced the highest reported output power of 1.7 W from a
fiber laser at 3:m [37]. The MPR that occurs within P after
energy transfer from the lower laser level of Ergenerates an
amount of heat, which i$ — 7s,es = 65% of the absorbed
975-nm pump power in the ideal case and may further increase
if parasitic processes come in.

The energy-recycling regime that was recently proposed for
the fiber system [38] generates heat in the same way as the

Temperature [K]

(b)
crystal system investigated in this paper, ie. OHHO% of Fig. 4. Calculated temperature profiles in LiYFErR* versus crystak axis

a axis [um]

. . p- and laser-beam waists 2p0n) and length under (a) @m lasing
the absorbed pump power, because it relies on the same Egﬁ'gjn(b) nonlasing conditions at an incident pump power of 10 W. The radial

processes [39] as the crystal system. However, since a highterndary given by the rod radius is #2 mm. Owing to the assumption of
bium concentration is required for efficient ETU, resulting i onvective radial cooling by a water-cooled copper block, the temperature at

. . ’ .the rod boundary is elevated from the radial coolant temperature of 288 K by a
higher pump absorption, one of the great advantages of the fikgf kelvins.

host—the long interaction length and consequent better distri-

bution of the generated heat—may be lost. Although the ef, longitudinal temperature profiles in LiYE Er** at the
fect of a larger absorbed pump-power density can be comp nighest incident pump power of 10 W are shown in Fig. 4. The

sated by a smaller core-area/pump-cladding-area ratio, leadyg temperature increase is found at the crystal front surface

tp a rgducgd gffgcﬂye apsor ption cogfﬁment, S.UCh a COMPENRALe center of the pump beam where the strongest absorption
tion finds its limitation in either the increase in core temper-

. occurs. The temperature increase from the coolant temperature
ature that results from the longer distance to the cooled syg-

: . . . >0 Sif 288 K by ~100 K under lasing conditions [Fig. 4(a)] is al-
fape (when Increasing the clgddlng arga) or po§5|blg f'bef l%rady significant, but is further increased under nonlasing con-
mirror damage owing to the increase in oscillating signal i

tensity at 3um [38] (when reducing the core area). As averagrfjsialrt)lOnS [Fig. 4(b)] to reach-210 K at the point of highest pump

. “absorption. Such strong temperature gradients can easily lead to
pump and output powers increase, thermal and thermo-opti fracture in LiYF,
effects start to play a role also in double-clad fiber lasers [4 T .

. . . . he corresponding temperature increase in LiYNd** for
Since the thermo-optical properties of fluoride glasses [41] B \W of incident pump power is only50 K and~140 K under

inferior to those O_f silica glasses, such effegts wil prObabIPésing and nonlasing conditions, respectively. The significantly
have to be taken into account when future hlgh-output-powledr

bium-doped fluoride-fiber | tructed rger temperature increase in LiYFErP™ is the result of the
erbium-doped 3+m fluoride-fiber lasers are constructed. larger heat generation in this system and the unfavorable tem-

perature dependence of the thermal conductivity.

The transverse temperature gradient that results from radial

The large amount of pump-induced heating requires cooliggoling induces strong thermal lensing in the crystal. Three dif-
of the laser crystal. Radial convective cooling by a copper hdatent effects are generally important in this context. First, the
sink (and surface convective cooling by air which has only refractive index of the host material changes with temperature,
small influence) are assumed in the calculation. The temperehich leads to differences in longitudinal optical path lengths
ture profiles arising from the Gaussian pump shape, the ndhrough the rod across the transverse temperature profile, thus
linear heat dissipation, the temperature-dependent thermal cimtroducing a lens whose power has the same sign as the change
ductivity, and the radial cooling are calculated under lasing andl refractive index with temperature. Second, the crystal ex-
nonlasing conditions for different pump powers. The sagittphnds with temperature and the resulting bulging of the rod end

IV. TEMPERATUREPROFILES AND THERMAL LENSING
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consequence of the different temperature dependence of the
change in refractive index and thermal expansion coefficient.
For LiYF,: Nd**, the difference between nonlasing and lasing
conditions is even larger~4.4 times inw polarization and
~2.9 times inc polarization) because of the larger difference

in heat generation. The values presented in Fig. 5 are averaged
over the spot size of the oscillating laser beam of 250-
radius.

Strong spherical aberrations of the thermal lens occur that in-
crease with average thermal-lens power. These aberrations lead
to a distortion of the Gaussian shape of the fundamental laser
mode, with a consequent degradation in laser-beam quality. At
i _ a critical power level, a small increase in pump power can lead
Fig. 5. Calculated dioptric power of the thermal lens along the CryStf‘c|>apartly unstable resonator with higher resonator losses. With
a axis for LiYF, : Ert (squares) and LiYF: Nd** (triangles) under
lasing conditions (open symbols) at 3 angkfh, respectively, and nonlasing all the nonlinearities involved in the system, a dramatic change
conditions (solid symbols) inr (upper four curves) and (lower four curves) in the behavior from lasing to nonlasing condition results, fol-
polarization versus incident pump power. . .

lowed by a catastrophic increase in temperature and rod fracture.

With the expectation of such dramatic effects in mind, further

faces defines a lens which has the same sign as the expanpiamtameter variations were performed to investigate their impact
of the crystal along the resonator axis. Third, the nonuniforom laser operation, heat generation, and thermal lensing. For ex-
expansion leads to stress in the crystal, which also changesahwle, a simultaneous decrease of the pump- and laser-beam
refractive index, leading to stress-induced birefringence. Thigists from 250 to 10xm slightly increases the output power
last effect is not considered in the calculation. Itis believed to fim 2.4 to 3.0 W due to a larger ETUate and improved en-
of minor importance in LiYE [4], because this material showsergy recycling from lower to upper laser level, which also leads
a strong natural birefringence. Since the temperature increasia slight reduction in heat generation from 3.7 to 3.6 W. How-
the rod is significant under high-power end-pumping, a knowéver, owing to the stronger confinement of the heat deposition
edge of the temperature dependence not only of the therrtte# thermal-lens power increases dramatically, e.g., along the
conductivity but also of the thermo-optical parameters (changgystala axis inw polarization from-5.4 to—34.7 m~!. Anin-
in refractive index with temperature, expansion coefficient) irease of the resonator losses from 0% to 5%, e.g., by slight mis-
important and has been taken into account in the simulationahgnment of a resonator mirror or resonator instabilities owing
the same way as in [11]. toincreased thermal lensing, implies a decrease in output power

In LiYF4, there are four principal values of thermal lenspf this low-gain laser system from 3.9 to 0.6 W. The simulta-
depending on the choice of lens axigr a, and on the choice neous increase in the population of the upper laser level signif-
of polarizationr or o (parallel and perpendicular to the crystaicantly enhances the rates of EJulMPR;, CR, and MPR. As
c axis, respectively). The calculated results for thaxis in aconsequence, the heat generated in the whole crystal increases
LiYF4: EP* (squares) and LiYE Nd** (triangles) are shown from 3.4 to 4.8 W. This additional heat induces a large increase
in Fig. 5. The thermal-lens powers under lasing (open symbolg)the thermal-lens power, e.g., along the crystakis inm po-
and especially under nonlasing (solid symbols) conditions itarization from—4.9 to—9.0 m~*. Such increases in heat gen-
crease nonlinearly with pump power. The contribution to thgration and thermal-lens power as calculated in the above exam-
thermal-lens power from the change in refractive index witples can easily lead to resonator instabilities and rod fracture.
temperature is negative. Feipolarization, its absolute value is
larger than that from the bulging of the rod end faces, resulting
in negative thermal-lens powers. Fopolarization, the contri-
bution from the change in refractive index with temperature is It has been shown in this paper that the ETU processes that
smaller in absolute value and the bulging effect predominatese typical of the population mechanisms of erbiunur-
resulting in a positive sign of the thermal lens. lasers do not contribute much to heat generation themselves.

The thermal-lens powers generated in the erbium system bdl@wever, they bear responsibility for triggering nonradiative
1.3 (o polarization, nonlasing) to 2.2r(polarization, lasing) decay by MPR processes that dissipate large amounts of heat
times larger than in the neodymium system. The additional the crystal. The situation worsens significantly under non-
heat generated in the crystal under nonlasing conditions, l&sing compared to lasing conditions because of the increased
combination with the unfavorable temperature dependenciggpulation density in the upper laser level, leading to additional
of thermal conductivity and thermo-optical parameters, lea8dU. The resulting increase in temperature and thermal-lens
to much stronger thermal-lens powers compared to lasipgwers provides a good understanding why this laser system is
conditions. At the highest incident pump power of 10 W, thguite frequently reported to suffer from rod fracture, especially
thermal-lens power in LiYE: Er*T under nonlasing condi- when comparing its performance with other rare-earth-doped
tions compared to lasing conditions 4€3.4 times stronger solid-state lasers under equivalent pump conditions.
in m polarization and~2.2 times stronger i polarization. Generally, there are several ways to limit the influence of
The difference in this factor for the two polarizations is &TU and heat generation by subsequent MPR. One way is to use

Dioptric Power [m™]
=

-
(6]
e

)
)

o

2 4 6 8 10
Incident Pump Power [W]
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a smaller dopant concentration. This decreases energy migratigin]
within the initial level of the upconversion process and hence the
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possibility of two excitations to meet at nearest-neighbor dis-

tance. Thus, the ETU parameter decreases. In addition, the ex¢iz]
tation density under the same pump conditions is smaller. Other
possibilities to decrease the excitation density and influence of
ETU are to tune the pump to a wavelength with smaller absorp3]
tion cross section or to choose a larger pump-waist size. These

measures are less powerful than the first, because they do

simultaneously decrease the upconversion parameter. All these
measures may be successful in the case of a neodymium 1-
laser, however, in an erbium@n laser they imply a decrease

in energy recycling from lower to upper laser level by ETU and

a corresponding decrease in slope efficiency and overall per-

formance of the system. It is an unfortunate circumstance th

significant extra heat generation unavoidably comes along with
efficient energy recycling in erbium @m lasers.

Although the erbium 3:m laser represents only a specific

example of the large class of current and future diode-pumped
mid-infrared lasers, it displays some of the difficulties that car1°]
arise when a mid-infrared laser transition either occurs between
two excited states or terminates in the ground state but a suitabj)
mid-infrared pump source is not at hand, both resulting in a

rather low Stokes efficiency of the system.
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