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Upconversion-induced heat generation and thermal lensing in Nd:YLF and Nd:YAG
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We investigate the influence of interionic upconversion between neighboring ions in the upper laser level of
Nd:YLF and Nd:YAG on population dynamics, heat generation, and thermal lensing under lasing and nonlas-
ing conditions. It is shown that cascaded multiphonon relaxations following each upconversion process gen-
erate significant extra heat dissipation in the crystal under nonlasing compared to lasing conditions. Owing to
the unfavorable temperature dependence of thermal and thermo-optical parameters, this leads, first, to a sig-
nificant temperature increase in the rod, second, to strong thermal lensing with pronounced spherical aberra-
tions and, ultimately, to rod fracture in a high-power end-pumped system. In a three-dimensional finite-element
calculation, excitation densities, upconversion rates, heat generation, temperature profiles, and thermal lensing
are calculated. Differences in thermal lens power between nonlasing and lasing conditions up to a factor of 6
in Nd:YLF and up to a factor of 2 in Nd:YAG are experimentally observed and explained by the calculation.
This results in a strong deterioration in performance when operating these syste@ssimiwhed regime, as
an amplifier, or on a low-gain transition. Methods to decrease the influence of interionic upconversion are
discussed. It is shown that tuning of the pump wavelength can significantly alter the rod temperature.
[S0163-18208)04747-X

I. INTRODUCTION neighboring ions in the upper laser lefet’ As a conse-
quence, Nd:YLF exhibits visible fluorescence from energy
The Nd:YAG (N&F*:Y;AI;0;,) and Nd:YLF levels above the pump level. Furthermore, measurements of
(Nd®":LiYF,) transitions at 1.064 and 1.058m, respec- the induced thermal lens under lasing and nonlasing condi-
tively, have been widely used for laser applications, becausgons demonstrate that significant additional heat is generated
they offer several advantages over other laser systems: Tlie the nonlasing situation, with the same pump potvefor
Nd®* transition at 1um involves a four-level scheme with Nd:YAG, similar effects of fluorescence quenchirid? ad-
fast multiphonon transitions populating the upper and depletditional heat generatiolf;'® and increased thermal lensffig
ing the lower laser level. Its large stimulated-emission crossinder nonlasing conditions have been observed.
section allows a low laser threshold, while the small quan- The increased heat load has a number of undesirable con-
tum defect allows high slope efficiency. YAG has a high sequences, such as spherical aberration in the thermally in-
fracture limit which is of advantage for use in high-power duced lens, with consequent degradation in laser-beam qual-
laser systems. YLF, on the other hand, is an attractive hosty and higher resonator losses. Ultimately, with sufficient
material because of the wavelength match of the laser trarieat load, rod fracture will occur. With these effects being
sition (1.053 um) with Nd®* glass amplifiers, the long stor- particularly pronounced under nonlasing conditions, it fol-
age time of the N&" upper laser level, its natural birefrin- lows thatQ-switched operation and operation as an amplifier
gence, and its relatively weak thermal lensing on thewill be especially susceptible. Therefore, an understanding of
polarization corresponding to 1.058m operation. This  the mechanisms underlying the significant difference in heat
weak lensing observed under lasing conditions is a consedissipation under lasing and nonlasing conditions, and the
guence of YLF showing a decrease of refractive index withresulting thermal lensing, is of great importance for the op-
increasing temperature, creating a negative thermal lensration of these systems. Thermal lens calculatioréhave
which partly compensates for the positive lens due to thdeen performed mostly for Nd:YAG, but also for Nd:YLF
bulging of the rod end faces. It gives Nd:YLF a significantand other materials. Those calculations have usually as-
advantage over Nd:YAG for power-scaling of diode-end-sumed a uniform heat input distribution or, if end-pumped, a
pumped systems into the multiwatt region while retaining anradially Gaussian distribution and, in the longitudinal direc-
output beam of high spatial quality? tion, an exponentially decaying heat input which was as-
However, under conditions of higher excitation density,sumed to be a constant fraction of absorbed pump power.
such as nonlasing condition®-switched operation, or op- With this approach, it is not possible to explain the differ-
eration as an amplifier, a strong deterioration in the perforence in thermal lensing observed under lasing and nonlasing
mance of this seemingly simple system is observed. Wittrconditions!'6
increasing pump power and intensity, the Nd:YLF system In this paper, we carry out a spatially resolved investiga-
exhibits a significantly reduced storage time undertion of the influence of the population dynamics on the heat
Q-switched operation and a decreasing laser effici@nty. load and thermal lensing behavior of the Nd:YLF and
This behavior has been explained by lifetime quenching owNd:YAG systems under intense end-pumping for both lasing
ing to interionic upconversion processes involving twoand nonlasing conditions. It is shown that interionic upcon-
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version is responsible for significant additional heat load un-
der nonlasing conditions and, in combination with the unfa-
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optical parameters, leads to a dramatic increase in thermal 7=4G,p %
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the experiments and simulations are presented in Appendix 0= *I,, \
A and the equations implemented in the computer program
are introduced in Appendix B.
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FIG. 1. Energy-level scheme of Nd:YLF indicating the domi-
nant processes in the system: pump absorption with aRgie
multiphonon transition to théF g, upper laser level, fluorescent
transitions from the upper laser level, interionic upconversion pro-

Detailed measurements of the thermal lensing behaviofesses UEGUC; from the upper laser level, cascaded multiphonon
versus pump power under lasing and nonlasing Conditiongelaxgtions(dasheq lines and lasing Stark transitions ﬁanda
revealed that there is a significant increase in thermal lengolarization. The important processes are the same in Nd:YAG,
powers under nonlasing compared to lasing conditions, witlgxcept for the details of the laser transition at 1064 nm.
up to a factor of 6 observed in Nd:YL{Ref. 11 and up to a
factor of 2 in Nd:YAG!® To investigate this behavior, a 2. In our experiment$; the pump wavelength was signifi-
computer source code was developed that allowed the thregantly detuned from the Nd:YLF absorption peak at 797 nm,
dimensional calculation of heat generation, heat conductiorgee Fig. 2, in order to prevent rod fracture. The correspond-
temperature distribution, and thermal lensing on the basis dhg spectrum of Nd:YAG is not shown. Since rod fracture is
the spatially resolved population dynamics of the systema minor problem in Nd:YAG under the chosen pump condi-
The specific experimental situations referred to abbtare  tions, the pump wavelength was tuned directly onto the ab-
the starting points of our numerical investigations. sorption peak at 809 nm in this hdét.

In a computer simulation involving the relevant levels The spatially resolved pump rate is calculated from Egs.
(ground state and eight excited states, see Figantl pro- (B1)—(B6) of Appendix B, using the parameters of Tables |
cessegpump power and configuration, ground-state absorpand Il of Appendix A. At low pump power, i.e., if ground-
tion and depletion, all lifetimes and branching ratios, threestate bleaching is absent, the absorbed fraction of the
interionic processes, stimulated emission, and the data d&unched pump power is approximately 85% in the Nd:YLF
crystal and resonatprtime- and space-dependent rate equa-
tions describing the Nd:YLF and Nd:YAG systems are 14

Il. POPULATION DYNAMICS

solved numerically in order to obtain a quantitative under- T
standing of our experimental results. For the tetragonal YLF 12
system, a three-dimensionéhngential, sagittal, longitudi- &Em +
nal) resolution is chosen, whereas the calculations for the S gl
cubic YAG system are performed with two-dimensiofra- N‘o_ 1
dial, longitudinaj resolution. In these simulations the popu- !
lation dynamics are calculated and the heat generation, tem- 6 4+
perature distribution, and consequent thermal lensing Pl
behavior under lasing and nonlasing conditions are investi- ;
gated. 0 e
790 795 800 805

In the experiments the radiation of a 20-W diode-laser bar
was focused onto the crystal front surface, using a beam-

shaping te,Ch”iq,U@- Pump details and details of laser mode £ 2. Measured absorption spectrum of Nd:YLF for light po-
size are given in Tables | and IV in Appendix A, respec-|arized parallel to the crystal axis ( polarization. Investigated
tively. The pump radiation was absorbed on the ground-statgpectral positions of the pump radiation emitted by the diode bar:
transition *lg;,—*F5/,, see Fig. 1. The spectral distribution normal position centered at 800.1 rsolid line) and shift by 0.2

of the pump radiation is taken into account in the simulation.nm toward the absorption peak at 797 kdashed ling The spec-
The spectral line shape is treated as Gaussian. The absorptipal distribution of the diode emission is assumed to be of Gaussian
cross sections in Nd:YLF are taken from the spectrum of Figshape.

Wavelength [nm]
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crystal and 97% in the Nd:YAG crystal. At the highest inci-
dent pump powers of 12 W for Nd:YLF and 14.2 W for
Nd:YAG, these values reduce to 79% and 95%, respectively,
as a consequence of ground-state bleaching.
Concentration-dependent quenching of the lifetime of the
Nd®* 4F,, level has been observed in several host materials.
Three different cross-relaxation processes involving the
4F 3, and *l o1, levels have been suggest&d?to be respon-
sible for the observed behavior. If the population of ftg,
ground state is assumed to be independent of pump power, ‘ :
t_he corr_esponding depletion rate fro_m thiey, Ievel_will be 0 100 200 300 400 500
linear with pump power and is thus incorporated in the mea- Tangential Radius [sm]
sured lifetime of the*F 5, level for the specific dopant con-
centration used in our experiment. If ground-state bleaching FIG. 3. Calculated excitation density for Nd:YLF within the
in taken into account, the decay rate introduced by the crosgtont 5% of the crystal length versus tangential radipsmp-beam
relaxation processes is actually slightly less than linear witiadiuswp,o=340um, laser-beam radius;,=300.m) for differ-
pump power. ent pump powers of 12.,.8, drd W under nonlasingupper three
Since the terminating levet 1z, and *l 15, of these pro- curves and lasing conditionglower three curves
cesses have extremely short lifetimes, it is of marginal im-
portance for the population mechanisms of the system undesimilar (cf. the detailed discussion in Ref. )10t is, there-
nonlasing or cw lasing conditions whether the difference before, of no great importance for our calculation which param-
tween the total decay rate and the sum of the radiative decagters of the individual upconversion processes are actually
rates is due completely to multiphonon relaxation into theused in the rate equations as long as the sum of the param-
41 152 level, as in our assumptiafef. Appendix A and Table eters is equal to the parameters published for Nd: YREfs.
1), or partly to cross-relaxation processes. Both possibilitie8 and 10 and Nd:YAG (Ref. 34 (cf. also Sec. Ill for the
result in the excitation of one ion being transferred com-influence of upconversion on heat dissipation
pletely nonradiatively from theF5, level to the ground The population densities of the levels which are denoted
state. The induced heat generation is also equivalent, i.eby a number and a spectroscopic term as well as the excita-
these processes do not have to be considered separatelytipn and relaxation rates indicated in Fig. 1 are calculated
our rate equations; see later in Sec. Il A. Evaluations of thdrom the rate-equation syste(®7)—(B15) of Appendix B,
specific contribution of concentration quenching to heat genusing the spectroscopic parameters of Table Il of Appendix
eration in Nd:YAG have been published in Refs. 32 and 33A. The spatially resolved stimulated-emission rate on the la-
Interionic upconversion has been discussed in recent paer transition*Fz,—*1,,,, see Fig. 1, is calculated from
pers as a source of lifetime quenching in Nd:YLF under conEgs. (B16)—(B19) of Appendix B, using the parameters of
ditions of high excitation densif}:'° Three upconversion Table IV of Appendix A.
processes UGUC; (see Fig. 1 have been suggest@dto
contribute in a significant way to the population dynamics in
Nd:YLF. These processes are considered in our simulation.
The measured value for the parameter describing the influ- Since the*F 5, upper laser level is the only level which
ence of these combined upconversion processes, nameffis a long lifetime, significant excitation is accumulated only
1.7x10 ® cm¥/s® was confirmed in an independent in this level. The excitation of this level depends on the
approach? but with relatively high error margin. The esti- transverse shape of the beam as well as the longitudinal dis-
mated parameters of the individual interionic upconversiortribution of the pump-power absorption, with the strongest
processes are given in Table Il of Appendix A. The inves-excitation being found at the crystal front surface and in the
tigations of Ref. 10 indicate that the spectral overlap of thecenter of the pump beam. In addition, the excitation depends
upconversion processes YOC; does not vary significantly on the conditions under which energy is extracted.
with temperature in the range 250-500 K, hence a possible Under nonlasing conditions, the upper laser level is de-
temperature dependence of the parameters of upconversiongketed by fluorescence and multiphonon relaxation as well as
not considered in the simulations. by interionic upconversion. The radial profiles of the excita-
Investigation of interionic upconversion in Nd:YAG tion density in Nd:YLF at the crystal front surface for differ-
(Refs. 8 and 3presulted in published parameters which varyent pump powers are shown in Fig.(@pper three curves
significantly in value. The value of the upconversion param-The excitation does not rise linearly with pump power, be-
eter of 5x 10" cm’/s (6900 s * for a dopant concentration cause the upconversion rates and, thus, the depletion of the
of 1 at. 99 determined in Ref. 34 was found to provide con- *F, level increase nonlinearly with increasing excitation
sistency of our experimental and calculated results for therdensity. The radial excitation profile is almost Gaussian at
mal lens powers. lower pump powers, but becomes more super-Gaussian with
It is apparent from Fig. 1 that, since levels 1 to 3 and 5 toincreasing pump power, i.e., the relative increase in excita-
8 decay predominantly via fast multiphonon relaxation intotion is less pronounced in the center where the upconversion
their next lower-lying level® and have a population density processes have a stronger influence.
of <10 ° of the dopant concentration, the effect of the three  Under lasing conditions, the excitation density of the up-
different processes U@JC; on the population dynamics is per laser level is clamped to laser threshold, see Fimpvger
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IIl. HEAT GENERATION
AND TEMPERATURE PROFILES

The main purpose of our investigation is to understand the
nonlinearities which lead to the strong difference in thermal
lens power measured under lasing and nonlasing
conditionst**®In this section, the processes that lead to heat-
ing of the Nd:YLF and Nd:YAG crystals are identified and
the spatial temperature profiles are derived.
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Tangential Radius [um] It is assumed in our calculation that pump absorption and

fluorescent emission do not contribute directly to thermal
FIG. 4. Calculated relative upconversion rates for Nd:YLF with loading of the rod by intramultiplet phonon relaxation, i.e.,
respect to pump rate within the front 5% of the crystal length versughe actual Stark-level structures are neglected and the transi-
tangential radiusipump-beam radiusv,,,=340um, laser-beam tions are assumed to originate from and terminate in the low-
radiusw,,, =300 um) for different pump powers of 12, 8, and 4 W est Stark levels of the corresponding multiplets. Thus, these
under nonlasing condition@ipper three curvesand lasing condi- processes contribute only indirectly to heat dissipation via
tions (lower three curves subsequent multiphonon-relaxation processes into lower-

lying multiplets, which are indicated by the dashed li i
three curves The excitation density in Nd:YLF at the high- g g P y nes in

. ; ig. 1.

est pump power of 12 W is an order of magnitude smaller - jeyise, interionic upconversion processes only contrib-
than under nonlasing conditions. It is also apparent that e indirectly to heat generation via subsequent multiphonon
laser-beam waist which is smaller than the pump-beam waiggaxation, because there is a direct spectral overlap for the
(as in the tangential direction shown in Fig. 3: pump-beamqresponding emission and absorption lifebence these
radius wpo=340um, laser-beam radiusv,=300um),  processes do not require assistance from an absorbed or
does not extract the gain in the wings completely. emitted phonon. The total heat dissipation resulting from the
cascaded multiphonon relaxations following each pair of
processesgrelaxation of one ion and excitation of its nearest-

The transverse dependence of the upconversion rates peeighbor ion is the same for the three individual processes
unit volume in Nd:YLF with respect to the pump rate is and corresponds to one completely nonradiative relaxation
shown in Fig. 4 for different pump powers under nonlasingfrom the upper laser level. The statement that only the sum
(upper three curvesand lasing conditions(lower three of the parameters of the three interionic processegUGC;
curves at the crystal front surface. The difference of theis of relevance for our investigation can, therefore, be ex-
excitation densities under nonlasing and lasing conditions ofended to the thermal calculations.
one order of magnitude at high pump powEig. 3) induces The heat generated by cross relaxation and subsequent
a difference in the upconversion rate which, as a consemultiphonon decay from the upper laser level is also incor-
guence of its quadratic dependence on excitation density, igorated in our calculation, because concentration quenching
two orders of magnitude larger under nonlasing condition®f the intrinsic lifetime of the upper laser level is considered
compared to lasing conditior(§ig. 4). in the measured fluorescence lifetime and the additional de-

Comparison of the upconversion rate with the pump ratecay rate is assumed to be nonradiative. This leads to a quan-
provides an indication of the absolute influence of upconvertitatively correct contribution from concentration quenching,
sion. The upconversion rate is defined here as the rate foras long as the amount of ground-state bleaching is small.
single ion, i.e., the depletion rate of tH& 5, level popula- Thus, the thermal load of the crystal is due solely to the
tion is twice this rate. Under nonlasing conditions, on the onecascaded multiphonon relaxations indicated by the dashed
hand, the upconversion rate reaches 63% in the center of thimes in Fig. 1. Data of the eight individual processes are
pump beam at the highest pump power. This means that treummarized in Table V of Appendix A for the case of
depletion rate of théF 5, level by upconversion is 126% of Nd:YLF. The spatially resolved heat load of the crystal is
the pump rate, which is possible, because the half of thealculated from Eq(B20) of Appendix B.
population which is upconverted to high-lying levels subse- We first investigate the thermal power generated under
quently repopulates théF,, level via multiphonon relax- lasing conditions. If the excitation density is clamped to
ation, thus introducing an additional excitation rate for thisthreshold, interionic upconversion has a marginal influence
level of 63% of the real pump rate. Under lasing conditions,and the upper laser level is depleted almost completely on
on the other hand, interionic upconversion has a margindhe laser transition, i.e., the multiphonon transitiots,,
influence. —* 15— 13— 11, can be neglected. The thermal load

The additional depletion rate which is introduced to thecan then be calculated from the sum of the contributions of
4F,,, upper laser level by interionic upconversion leads to athe multiphonon relaxations from pump level to upper laser
significant decrease in the lifetime of this level. Conse-level, *Fs,—*F3,, and from lower laser level to ground
guently, this reduces the storage capacity of the system undetate, *l 11,1 o, (as indicated in Table V of Appendix)A
Q-switched operation or operation as an amplifier. This ef-or, equally, from the Stokes efficiency of the system. For
fect has been discussed in detail in Refs. 8 and 10. Nd:YLF, 24% of absorbed pump power is converted to heat.

B. Upconversion rates
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6 T———— power. In Nd:YLF 4.9 W of thermal load for 9.5 W of ab-

5 j_"m""as'"g\ sorbed pump power is generated under nonlasing conditions,
g | |— —lasing | i.e., 52% or more than twice the amount of heat compared to
5 4- lasing conditions. The result for Nd:YAG, 40% or 5.4 W of
2 L thermal load for 13.5 W of absorbed pump power under
% 3 ad nonlasing conditions, is less pronound€&dy. 5), because the
E o /V" fluorescence decay time is shorter, i.e., the linear processes
§ fhid are stronger, and the upconversion parameter is smaller in

IRy /4 Nd:YAG compared to Nd:YLF.

0 0 2 4 6 8 10 12 14 B. Temperature profiles

Absorbed Pump Power [W] The large amount of pump-induced heating requires cool-

ing of the laser crystal. This is usually realized by radial heat

FIG. 5. Calculated thermal power dissipated in the whole crysta fer f th tal " t i I t
versus absorbed pump power under nonlasing and lasing conditio tanster from the crystal surlace to a cooling element, e.g., a

for Nd:YLF (thick line9 and Nd:YAG (thin lines. The data under water-cooled copper block, e.g., using a layer of indium fo_'l
nonlasing conditions are not directly comparable, because thiP enhance_thermfil ContaCt_ between crystal ar,]d a cooling
pump-waist areas are 34®20um? in Nd:YLF and 225 €lement. This requires a radial temperature gradient from the
x 225 um? in Nd:YAG, leading to a different influence of upcon- od center. Consequently, the crystal forms a thermally in-
version under nonlasing conditions. duced lens. In this section, the temperature profiles produced
by the Gaussian pump shape, the nonlinear heat dissipation,
This result is independent of pump power, if the laser threshthe temperature-dependent thermal conductivity, and the ra-
old is low. This finding is in agreement with the result ob- dial cooling are calculated.
tained from the solution of the full rate-equation system, see The importance of the temperature dependence of the
Fig. 5, which is 2.3 W of thermal load for 9.5 W of absorbed thermal conductivity for the resulting temperature profiles
power in Nd:YLF. has recently been pointed out by a number of
Under nonlasing conditions, the situation is much moreauthors?>242°3>Thermal resistance at ambient temperature
complicated. When calculating the heat generated by the linand above arises owing to phonon-phonon scattering. Since
ear relaxation rates, the branching ratios from tRg, level  the number of phonons increases linearly with temperature,
(see Table I1l of Appendix Ahave to be taken into account. the thermal conductivity varies with temperature &B. For
In Nd:YLF, a fraction ofy,3843=0.034 is assumed to decay a more detailed description, cf. Ref. 36. Generally, the ther-
via multiphonon relaxation from the upper laser level to themal conductivity has a small dependence on the doped’ion.
next lower-lying level and further via multiphonon processesRadial convective cooling by a copper heat sink and surface
to the ground state, i.e., all four process&;, %15,  convective cooling by air are assumed in the calculation.
—* 13 11— 9» generate heat in this case. This rate Convective air cooling at the rod end faces is found to have
includes the part that decays via cross relaxation. A fractiomnly a small influence in the calculation.
of (1— y43)B43=0.006 decays via fluorescence on the tran- With Egs. (B21)—(B27) of Appendix B and the param-
sition *F3,—%l15,, and generates heat only via the latter eters of Table VI of Appendix A, the temperature distribu-
three processes, a fraction g8f, decays via fluorescence on tion in the whole rod is calculated under lasing and nonlasing
the transition*F3,—*l 15, and generates heat via the latter conditions for different pump powers. The sagittal and lon-
two processes, etc. This results in the relative strengths of thgitudinal temperature profiles in Nd:YLF at the highest ab-
above four multiphonon processes as indicated in Table V oforbed power of 9.5 W are shown in Figgéagand Gb). The
Appendix A. When neglecting interionic processes, the resullargest temperature increase is found at the crystal front sur-
is that 25% of absorbed pump power would be converted tdace in the center of the pump beam where the strongest
heat, which is similar to the fraction under lasing conditions.absorption occurs. Whereas the temperature increase from
The same investigation in Nd:YAG leads to a similar the coolant temperature of 288 K does not exceed 45 K un-
fraction of 25% under lasing conditions, but the correspondder lasing conditions, see Fig(l8, the increase under non-
ing fraction of heat generation owing to linear processedasing conditions is more than 115 K at the point of highest
under nonlasing conditions would increase to more thampump absorption, see Fig(éy. Consequently, the tempera-
29%. This is because of the larger phonon energies iture gradient is much more pronounced under nonlasing con-
YAG as well as additional nonradiative quenching ditions.
channelg?131%:2930.323eglting in an increased nonradia-  The corresponding temperature increase in Nd:YAG for
tive rate from the*F, upper laser level and a correspond- 9.5 W of absorbed power is only 37 and 62 K under lasing
ingly smaller fluorescence lifetime in Nd:YAG. and nonlasing conditions, respectively. At the highest ab-
However, the upconversion processes lead to a relativeorbed power of 13.5 W, the increase is 54 and 95 K, respec-
increase in the rates of the multiphonon processes compargidely. The larger temperature increase in Nd:YLF is a result
to predominantly fluorescent decay and, in addition, inducef the smaller thermal conductivity in this host and the larger
the processes 2G(1)gjp— *Gyp—*Gsp—*Fsp—*Fg,.  contribution of upconversion under nonlasing conditions.
Therefore, the heat dissipation calculated from the full rateThe temperature dependence of the thermal conductivity fur-
equation system under nonlasing conditions deviates signifther increases the temperature in the Nd:YLF rod.
cantly from the values of 25% in Nd:YLF or 29% in We include the spectral distribution of the diode pump
Nd:YAG, see Fig. 5, and increases nonlinearly with pumppower in our calculation, cf. Eq$B1)—(B6) of Appendix B
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IV. THERMAL LENSING

As shown in our calculation in Sec. lll, the temperature

410 varies strongly with radial position owing to the Gaussian
& 390 pump profile, the change of the linear population mecha-
g 370 nisms, and heat generation by upconversion under nonlasing
® 350 conditions, as well as the radial cooling of the active me-
é 330 dium. This temperature profile induces strong thermal lens-
& 310 | ing in the crystal.

290/ <15

-506 _250 e Length A. Thermal dispersion, thermal expansion, stress, and strain

Sagittal Radius [um) 250 500 Three different effects are generally important in this con-
(a) text. First, the refractive index of the host material changes
with temperature, which leads to differences in longitudinal
optical path lengths through the rod across the transverse

4101 temperature profile, thus introducing a lens whose power has
g 390 the same sign as the change of refractive index with tempera-
° 370 ture. Second, the crystal expands with temperature and the
2 350 resulting bulging of the rod end faces defines a lens which
g has the same sign as the expansion of the crystal along the
£ 330 resonator axis. Third, the nonuniform expansion leads to
= 310 stress in the crystal, which also changes the refractive index,

290 leading to stress-induced birefringence. It is the purpose of

500 pgp e o Length this section to calculate values for the thermal lens for the
Sagittal Radius [um] 250 ggp [mm] fjlfferent popula_t|0n dynan_wms and heat generation under las-
(b) ing and nonlasing conditions and to compare these results

with experimentally obtained data.

FIG. 6. Calculated temperature profiles for Nd:YLF versus sag- Since the temperature increase in the rod is significant
ittal radius (pump-beam radiusv,,o=220um, laser-beam radius under high-power end pumping, a knowledge of the tempera-
wiy=300xm) under(a) nonlasing andb) lasing conditions. The ture dependence not only of the thermal conductivity but also
radial boundary given by the rod radiusris= =2 mm. Owing to  of the thermo-optical parameters is important. The change in
convective radial cooling by a water-cooled copper block, the temyefractive index with temperaturdn/dT, is itself a function
perature at the boundary is elevated from the radial coolant temug temperature, which, for YAG, is nearly linear over the
perature ofT,, =288 K by a few K. temperature range of interest around 300 K. Since

temperature-dependent dati&n/d T2, were not available for
and Table Il of Appendix A. Since the absorption cross secYLF, we have assumed the same qualitative temperature de-
tion changes with pump wavelength, the absorption lengttPendence for both crystal axes in Yl(Eee Appendix A for
may vary significantly over the spectral pump distribution. Indetails of these assumptigns _ -
Nd:YLF, the pump wavelength was significantly detuned At room temperature and above, the expansion coefficient

from the absorption peak at 797 nm, see Fig. 2, in order t@lso increases almost linearly with temperature. In a simple
prevent rod fracture. model®® the temperature dependence of the expansion coef-

Now we consider a situation where the spectral emissioﬁident depends mainly on the temperature dependence of the

of the diode pump power is temperature tuned by only 0_Zspecific heat, which can be calculated from the Debye func-
nm toward the absorption peak at 797 ridashed line in tion. The measured temperature dependence of the expansion

Fig. 2). Since the major part of the pump power is in acoefﬂment in YAG is in reasonable agreement with this

: . ) model. Again, temperature-dependent data were not avail-
spectrgl region where the absorption cross section (_:hang%%le for YLF and the dependence is estimated from the data
only slightly with pump wavelength, the total absorption of available for YAG, which is justified by the model. For de-

the incident pump power of 12 W increases only from 79%tails, cf. Appendix A and EqgB28) and (B29) of Appendix

to 80% under nonlasing conditions. This is a tiny effect andg

would hardly be noticed in a direct way in the experiment, The third effect, the stress-induced birefringence, is not
but the consequences for temperature, stress, and strain in thgnsidered in our calculation. It is believed to be of minor
rod are much more pronounced. A small part of the pumgmportance in YLF?® because this material shows a strong
power at the short-wavelength side of the pump spectrum igatural birefringence.

shifted to a wavelength region of strong absorption, cf. Table Stress and strain also have an influence on the expansion
Il of Appendix A, and is now absorbed within the front part of the crystal. EquatioiB29) of Appendix B as well as the

of the crystal. The calculation shows that, with all the non-data of the expansion coefficient presented in Appendix A
linearities involved, the temperature in Nd:YLF at the frontrely on the free expansion of the crystal in one direction. If a
surface in the center of the pump beam increases from 404 toansversely localized temperature increase oc@igs, end-
414 K, thus strongly increasing stress and strain in this arepumping with a Gaussian profjlehe heated element cannot
and, ultimately, posing an increased risk of rod fracture. freely expand in the longitudinal direction, because it is con-
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4T addition, a fixed value o€, has no direct influence on the
24 pump-power dependence of the thermal lens power, nor can
"f; 0 & it help in adjusting the difference of the thermal lensing un-
‘q:,' 2] der lasing and nonlasing conditions. The same valug o
2 4. used for the calculations in Nd:YAG.
o
'% 67 B. Thermal lens powers and aberrations
§ e In YLF there are four principal values of thermal lens,
107 depending on the choice of polarizatiom,or o, and on the
A2 A choice of lens axis, tangential or sagittal. In our experiment
0 2 4 6 8 10 12 the crystal is oriented with its axis parallel to the tangential
(@  Incident Pump Power [W] plane.7 and o denote the polarizations parallel and perpen-

dicular to the crystat axis, respectively.
Measurements of thermal lensing in Nd:YLF have been
reported by several authot§'%?®In Ref. 11, the thermal

E lens powers were measured versus incident pump power un-
3 der lasing and nonlasing conditions. The measurements pro-
§ vided values of the thermal lens power averaged over the
© transverse dimension of the laser or probe beam. Under las-
‘§. ing conditions, the output characteristics of the laser beam
= itself, which had a beam radius of 3Qum inside the rod,

|4 was investigated, whereas under nonlasing conditions the

A4 transmitted light of a He-Ne probe beam, which had a beam

0 100 200 300 400 500 radius of 150um inside the rod, was used for the detection

(b) Sagittal Radius [um] of the thermal lens. The measurements in Nd:Y&&f. 16

were carried out interferometrically. The experimental pa-
rameters were identical to those presented in Appendix A.
These parameters were used to calculate the thermal lens
powers according to Eq$B28)—(B37) of Appendix B.

FIG. 7. Nd:YLF: (a) Dioptric power of the thermal lens versus
incident pump power along the crystalaxis and(b) variation of
dioptric power(spherical aberratignof thermal lensing versus ra-

dius along the crysta axis at the highest incident pump power of ) !
12 W: experimental datésolid symbol$, taken from Ref. 11, and The experimental(solid symbols and calculated results

calculated datdopen symbols in o polarization under nonlasing (0Pen symbolsfor the a axis in Nd:YLF are shown in Fig.
(squaresand lasing(triangleg conditions as well as inr polariza- 7(@). The thermal lens power under lasing conditions in-

tion under nonlasingdiamonds and lasing(circles conditions. creases almost linearly with pump power. The contribution
to the thermal lens power from the change in refractive index

strained by its colder surrounding. We make the simplifyingwith temperature is negative. Farpolarization, its absolute
assumption that EqB29) of Appendix B is modified by value is larger than that from the bulging of the rod end
stress and strain to E¢B30), where the paramet&, takes faces, resulting in negative thermal lens powers. &qo-
account of this constraint. The above assumption results itarization, the contribution from the change in refractive in-
the contribution of the bulging having the same radial dependex with temperature is smaller in absolute value and the
dence as the temperature distribution. In practice, the shapsulging effect predominates, resulting in a positive sign of
of the bulge will probably differ from this profile due to the the thermal lens.
modifications introduced by stress and strain, but this first- Under nonlasing conditions, the additional heat generated
order approximation is more realistic than assuming free exby the upconversion processes as well as the unfavorable
pansion. temperature dependencies of thermal conductivity and
C, is treated as the only free parameter in all the calcuthermo-optical parameters lead to a thermal lens whose
lations presented in this paper. It is adjusted in order tgpower increases nonlinearly with pump power. At the high-
match a single measured value, the value of the thermal lensst pump power of 12 W, the thermal lens power under non-
power at highest pump power under nonlasing conditions inasing conditions compared to lasing conditions is almost six
« polarization along the YLF axis. It is kept at a constant times stronger inr polarization and almost five times stron-
value for all calculations. This does not introduce a generajer ino polarization. The difference in this factor for the two
degree of freedom to the calculations, as will become appaipolarizations is a consequence of the different temperature
ent later from Fig. 7a). Since the contributions to thermal dependence of the change in refractive index and thermal
lensing due to the change in refractive index and bulgingexpansion coefficient. The agreement between experimental
have opposite signs and since the former exceeds the lattand calculated results is excellent, indicating that the major
for 7 polarization, but the reverse is true ferpolarization,  contributions to heat generation and thermal lensing foathe
resulting in thermal lenses of opposite sign feando po-  axis have been identified.
larization, the variation o€, does not allow for an adjust- The measured thermal lens power parallel to ¢haxis
ment of the calculated magnitude of the thermal lens poweftangential planeis much weaker than that perpendicular to
in both 7 and o polarizations. With increasing,, the ther-  thec axis (sagittal plang!* which is partly due to the larger
mal lens becomes stronger énpolarization, but it simulta- pump-waist radius in the tangential resonator pl&#0 xm
neously becomes weaker inpolarization and vice versa. In . compared to 22@m in the sagittal planeand partly due to
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50 tion, namely the change in refractive index with temperature,
is much larger in YAG than in YLF, and, second, the con-

'7;'40 ] tributions of change in refractive index and expansion have

el | the same sign in YAG and hence add, in contrast to the case
%30‘ for YLF. In addition, the absorbed pump intensity at the
e 20 crystal front surface was twice as large in the Nd:YAG ex-
'g_ | periment. On the other hand, the thermal conductivity is
§1o | higher in YAG, which leads to smaller peak temperatures,
1 thus reducing the runaway effect of the thermal conductivity
= — decreasing with increasing temperature. As in Nd:YLF, the

0 3 6 9 12 15 thermal lens power under nonlasing conditions is larger than

(@  Incident Pump Power [W] under lasing conditions, but the effect is less pronounced in
Nd:YAG, because the fluorescence decay time is shorter and

60 the upconversion parameter is smaller in Nd:YAG compared
50 & to Nd:YLF, which leads to a smaller influence of upconver-
e sion in Nd:YAG.

‘540 The spherical aberrations of the thermal lens along the
530 Nd:YLF a axis for the highest pump power of 12 W are
e shown in Fig. Tb). Under nonlasing conditions, the aberra-
'ggo tions are much more pronounced than under lasing condi-
ig tions. Similar results are obtained for Nd:YAG at the highest
10 pump power of 14.2 W, see Fig(i8. Since the thermal lens
0 powers are generally larger in Nd:YAG compared to
0 100 200 300 400 500 Nd:YLF, also the aberrations over the pump-beam radius are
() Sagittal Radius [pm] significantly larger in Nd:YAG under lasing as well as non-
lasing conditions.
FIG. 8. Nd:YAG: (a) Dioptric power of the thermal lens ver- These strong aberrations can lead to a distortion of the

sus incident pump power antb) variation of dioptric power Gaussian shape of the fundamental laser mode, with a con-
(spherical aberratigrof thermal lensing versus radius at the highestsequem degradation in laser-beam quality and higher resona-
incident pump power of 14.2 W: experimental degalid symbol$,  tor |osses. If part of the aberrated thermal lens, e.g., the
taken from Ref. 16, and calculated dadpen symbols under non-  strongest lens in the rod center, leads to a partly unstable
lasing (squaresand lasing(triangles conditions. resonator, this will also result in higher resonator losses.

easons yet unknown 1o us. The measured herma leng, " SeTa1 siuatons, o e ponineartes mowed may
power parallel to the axis is less accurately reproduced in y - HIg

the simulation, with the calculated values being larger thaﬁ1igher threshold inversion, which quadratically incregses up-
the measured ,values conversion rates. This leads to extra heat generation and a

A possible reason for the difference in thermal lens pow-.hlgher temperature, Wh'.Ch decreases the therm_al conduct_|v-
isolly: thus further increasing the temperature. This results in

stronger thermal lensing and lens aberration, which is wors-

ened by the unfavorable temperature dependence of the
thermo-optical parameters. In return, this introduces even
free parameters, we find from our calculations that the therhlgher resonator Ioss_e_s, and further instability W'.” be hlghl_y
mal conductivity along the axis must be more than a factor pronounced. At a critical power level, a small increase in
of 2 larger than along tha axis in order to reproduce the pump power may thus lead to a dramatic change in the pe-
havior of the laser system. A proper resonator design which

difference in thermal lens powers as obtained from the mea-

surements. A single influence of either the change of refracf’EIVOIdS even small resonator losses is, therefore, of extreme

tive index with temperature or the bulging of the rod endlmporta_mce in order 1o operate such a laser at high output
faces can be excluded as a reason, because it would leadR8WE" 1N @ transversely fundamental mode.
thermal lens values which are more positive or negative for
both 7 and o polarization. The experimental resdftshow
instead a decrease of the absolute values for kotnd o It becomes apparent from the investigations of this paper
polarization. that the problems of heat generation, thermal lensing, and
The experimental resultsolid symbol$ of Ref. 16 and lens aberration increase significantly if the system is oper-
calculated resultsopen symbolsfor Nd:YAG are shown in  ated in a regime of higher excitation density, i.e., iQa
Fig. 8@). Since the YAG system is cubic, the behavior for switched regime, as an amplifier, or on a low-gain transition,
tangential and sagittal planes as well as for the correspondinigecause upconversion plays a larger role in these regimes,
polarizations are identical, and the behavior is described bwith all the consequences discussed above.
only one curve for lasing condition and one for nonlasing. Generally, the best way to limit the influence of interionic
Generally, the thermal lens powers are greater folupconversion is to use a smaller dopant concentration. This
Nd:YAG compared to Nd:YLF, cf. Figs.(8 and 7a), be- decreases energy migration within the initial level of the up-
cause, first, the parameter which makes the main contribteonversion process and hence the possibility of two excita-

ropy in the thermal conductivity foa and c axis than re-
ported in Ref. 38(cf. Table VI of Appendix A. When
treating the thermal conductivity & andc-axis direction as

C. Consequences for certain operational regimes
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tions to meet at the nearest-neighbor distance. Thus, the ufasing and nonlasing conditions. In order to understand these
conversion parameter decreases. In addition, the excitatidindings, a computer source code was developed that allowed
density under the same pump conditions is smaller. Howthe three-dimensional calculation of heat generation, heat
ever, this measure implies that a longer rod is used in ordegonduction, temperature distribution, and thermal lensing on
to maintain the fraction of pump power which is absorbed inthe basis of the spatially resolved population mechanisms of
the rod. If also the absorbed pump intensity is a critical pathe system.

rameter, this requires a pump source with correspondingly |nterionic upconversion processes from tAEs, level

. . . 2 K .
high brightness, i.e., small“ values. __ and subsequent cascaded multiphonon relaxation were found
A second possibility which underlies the same restrictiony, e responsible for a significant increase in heat generation

concerni_ng the pump source s to tune th_e pump t0 a Wavgq Ng:-yLF from 24% of the absorbed pump power under
length with smaller absorption cross section, which also der sing conditions up to 52% under nonlasing conditions, for

creases the excitation density. This measure is less powerf&}maximum absorbed pump power of 9.5 W. In Nd:YAG
than the first, because it does not simultaneously decrease tggrresponding values are 25% and 40% for 13.5 W of ab-

upconversion parameter. Third, the influence of upconvergy heq nump power. The additional heat load increases non-
sion can also be decreased by focusing to a larger pUMp, oy with pump power. Taking into account the unfavor-

waist size. . . . .. able temperature dependence of the thermal conductivity,
UnderQ-switched operation, where the pump intensity iSy,is jeads to an increase in temperature in Nd:YLF at the

!ess critical, all these methqu can pe applied'. Whe'n O.perab'oint of highest pump absorption from 332 K under lasing
ing the system as an amplifier, a high pump intensity is eS¢, qitions to 404 K under nonlasing conditions, when setting

. . : D&he coolant temperature to 288 K. Corresponding tempera-
defocused and a high-brightness pump source is essential {llre values in Nd:YAG are 342 and 383 K, respectively.

order to apply one of the fII’S.t two methods. _Slnce no Stabl(?)wing to the spectral distribution of the diode pump power,
resonator has to be estabhs_hed for the signal beam, th[ﬁning of the diode emission wavelength may lead to a sig-
quenchlng_ Oflo the storage time of théFs, level _by nificant increase in temperature, stress, and strain. Thus
upconyers!oﬁ _may be a more 'mPO”a”t problem in the small changes in the overall absorbed pump power can lead
amphﬂgr situation than thermal lensing. . . to a significantly worsened risk of rod fracture.

Besides these consequences for specific operational re- 1 ormal lens powers were calculated in Nd:YLF for the

gimes, there are several practical consequences iNVOIVedyqia|a. and c-axis direction and forr and o polarization
with upconversion-induced heat generation. First, if a cw

g a | high under lasing and nonlasing conditions. For ¢haxis, calcu-
Nd:YAG or Nd:YLF laser operates at high pump POWer, |30y results are in excellent agreement with experimental

misalignment of the resonator leads to significant extra he ata. The thermal lens power depends almost linearly on
generation and an increase in _rod .temp'erature within a tim ump power under lasing conditions, whereas, under nonlas-
scale of about a second, resulting in an increased risk of ro g conditions a strongly nonlinear behavior is measured and
fracture. : calculated, caused by upconversion as well as the tempera-
Secpnd, becg_use of the ;tronger thermal lensing und‘?tﬂre dependence of thermal and thermo-optical parameters.
nonlasing conditions, a certain resonator may become URrhermal lens powers up to a factor of 6 larger were observed
stable un_der the_se conditions at th? hlghes't.pump POWE[nder nonlasing compared to lasing conditions. The signifi-
whereas it remains stable under lasing conditions. Thus, 'Eantly weaker thermal lensing for the crystaixis has as yet
order to operate such a laser at the highest pump power, the, heen ynderstood. It might be caused by a larger anisot-

laser has to be started at medium pump power, where they, in the thermal conductivity than has been reported in
resonator is stable under nonlasing as well as lasing cond{he literature

tionsr,] and tgen th% pﬁmp fc;an be switched to Zigher plower. Generally, there is not sufficient information on thermal
We have observed this effect in a 946-nm Nd:YAG laseryy thermo-optical parameters in the YLF host. The tem-
system, which generates less heat than a 1/064system

perature dependence of the thermal and thermo-optical pa-

and, consequently, exhibits an even larger difference in fraG; neters as well as the components of the strain and elasto-

tional heat dissipation and thermal lensing under lasing ang -4 tensors will have to be measured accurately and the

nonlz(ajsmg %ond;tloni. _ . hanisminermally induced stress and strain will have to be included
Independently of specific-heat-generating mechanismg, o simylation in order to provide a more detailed under-
such as upconversion, it is advantageous to choose a smallynina of thermal lensing in the YLF host.

rod radius and a low cooling temperature in order to keep the |, 'Ng-YAG. the observed increase in thermal lens power

temperature in the rod center at a lower level. This decreasqpom lasing to nonlasing conditions was only a factor of 2
the runaway effects which result from the unfavorable temy,q.4,ise of the stronger linear decay rates and the smaller

perature dependence of thermal and thermo-optical para%’pconversion parameter compared to Nd:YLF. However,

thermal lens powers are generally higher than in Nd:YLF,

because in YAG the change in refractive index with tempera-

V. CONCLUSIONS ture is larger an_d the resulting c_ont_ribution to therma_l lensing

has the same sign as the contribution from the bulging of the

The thermal lensing in high-power diode-end-pumpedrod end faces. At our highest available input powers, under

Nd:YLF and Nd:YAG rods was investigated in experimentsnonlasing conditions, focal lengths of the thermal lens as

and calculations. The experiments reported in Refs. 11 angmall as 2 cm have been found for Nd:YAG, compared to 9
16 showed a significant difference in thermal lensing undecm for Nd:YLF.

eters.
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TABLE I. Crystal and pump data. TABLE II. Spectral distributions of the diode pump power in
the experiments investigating Nd:YLFupper eight rows and
Crystal YLF Ref. YAG Ref. Nd:YAG (lower five rows.
Densityp (10° kg m f)l . 399 39 455 40and4l O Ton Teniy
Specific heaC, (JK™"kg™) 790 2 607 40and 42 No. (nm) (%) (1020 cn?) (1020 cn?)
Debye tempTp (K) 750 37 and 43
1 798.8 6.1 3.30 3.85

Lengthl, (mm) 6 Expt. 10 Expt. 2 799.2 8.6 2.40 2.80
Radiusr,, (mm) 2 Expt. 1.5 Expt. 3 799.5 14.4 2.10 2.40
Nd®* conc.Ny (102O cm’3) 159 Expt. 1.52 Expt. 4 799.9 20.9 1.85 2.00

(at. % on ¥'* site (1.19 1.1 5 8003 20.9 1.75 1.85
Orientation ofc axis | x axis Expt. 6 800.7 14.4 1.70 1.75
Polarization of pump light Il x axis Expt. 7 801.0 8.6 1.70 1.70
Diode pump poweP;, [W] 20 Expt. 20 Expt. 8 801.4 6.1 1.75 1.70
Coupling efficiencyz;, 0.60 Expt. 0.71 Expt. 1 808.0 16 2.6
abs. fraction ofp;,Pi, 2 808.5 21 3.3

at low pump power 0.85 Expt. 0.97 Expt. 3 809.0 26 4.6

at highest pump power 0.79 0.95 4 809.5 21 20
Pump focuswyg (um) 5 810.0 16 1.3
Tangential planéx axis) 340 Expt. 225 Expt.
Sagittal pla_ne(y axiy ) 220 Bxpt. 225 Expt. sorbed fractions of the launched pump power at low input
Beam-quality factoM power are experimental data which are reproduced in the
Tangential plandx axis) 79 Expt. 75 averaged

: _ calculations. Absorbed fractions at high pump power are de-
Sagittal plandly axis) 63  Expt. 75 averaged termined from the calculations and take into account ground-
state bleachingV? values of the pump beam in the Nd:YAG

. Lo experiment are averaged from the values measured along the
The additional heat generation introduces a strong spher}- P 9 9

. = fangential and sagittal planes.
cal aberration of the thermal lens, resulting in decreaseda 9 g P

beam quality of the laser output as well as increased reson Table I provides the spectral distribution of the diode
X N um wer in the experiments investigating Nd: Ylupper
tor losses, thus further enhancing heat generation and th ump powe e experiments investigating Nd be

: éight rows and Nd:YAG (lower five rowg. The
mal lensing.

. . . temperature-stabilized pump wavelengths are centered at
_ Th_e ef_fects discussed in this paper_lead to a strong detg\- ~800.1 and 809.0 nm, respectively. The spectral line-
rioration in performance when operating the system under P ! : ' '

" . S . : . widths are approximatel WA =3 nm. For the simulations,
cond|t|ons of hlgher. excitation density, €.g. ||Q_6_5W|tched . the spectral pump shape is assumed to be Gaussian, and eight
regime, as an amplifier, or on a low-gain transition. Possmle;

measures to reduce the detrimental influence of interionic five) iindividual spectral parts centered at wavelength
— . . L (i) are calculated. Also given are the fractional power

upconversion include increasing the pump-waist size, detunF-, / ; :

. . . inx(i)/Pin @nd the absorption cross sectiog ) ;) of each

ing the pump wavelength from a region of strong absorption

. . : part, as derived from the spectrum of Fig.(Rd:YLF) or
and using a longer rod with smaller dopant concentration. from the corresponding spectrum of Nd:YAG. If, in the

Nd:YLF experiment, the diode is temperature-tuned by
ANs=0.2 nm toward the absorption peak at 797 nm, the in-
ACKNOWLEDGMENTS dividual absorption cross sections are shifted toward the val-
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trum Hannover, Germany, for helpful discussions concerning !N Table 1l the spectroscopic parameters of Nd:YLF and
the thermal lens calculations. Parts of the source code weldd:YAG are presented. The intrinsic lifetimes of upper and
developed during earlier work at the Institute of Applied IOWer laser level are given in the table. The lifetimesof
Physics, University of Bern, Switzerland. M.P. was sup-th€ other excited levels have been discussed in Ref. 10 for
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of Lumonics, Ltd. ser level are calculated from Judd-Ofelt data for the radiative

transition rates in Nd:YLRRef. 47 and Nd:YAG (Ref. 48
and from the fluorescence lifetime, with the procedure
used in Ref. 49. This procedure assumes that the difference
between the total intrinsic decay ratg* and the sum of the
This appendix explains all parameters which are relevantadiative decay rates is due to multiphonon relaxation into
for the computer calculations and provides all values used ithe next lower-lying levefl ;5. The nonradiatively emitted
the simulations. fraction of the rate from théF,, upper laser level into the
In Table I, the data of the Nd:YLF and Nd:YAG crystals next lower-lying level is given byy,s, i.e., the branching
as well as the data of the pump beams are summarized. Alpatio 8,43 splits into a radiative part (% y43) B3 and a non-

APPENDIX A:  PARAMETERS AND VALUES
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TABLE lll. Spectroscopic parameters of Nd:YLF and Nd:YAG.

PRB 58

Crystal Nd:YLF Ref. Nd:YAG Ref.
Lifetimes (us)
Upper laser level: 7, 520 44 230 39

(Nd®** conc. 1 at. %

Lower laser level: 7 0.02 45 and 46 0.0002 46
Branching ratios
4F 3= 1520 Bas 0.040 this Ref. 0.114 this Ref.
Nonradiative fraction: 7,3 0.858 this Ref. 0.970 this Ref.
Fap—13p Bz 0.115 this Ref. 0.113 this Ref.
Fap—11p Ba 0.523 this Ref. 0.446 this Ref.
“Fap—gn: Bao 0.322 this Ref. 0.327 this Ref.
Upconversion (10 cn® s™%)
uc;: w, 0.01 10
uc,: W, 0.26 10
UGy W, 1.43 10
W=W, +W,+ W, 1.7 8 and 10 0.5 34

radiative party,; Baz. All other excited levels are assumed fractions of absorbed pump energy transformed into heat by
to decay nonradiatively into their next lower-lying leef.  the individual processes under nonlasing and lasing condi-
Ref. 10 and references thergiand further to the ground tions, both under the theoretical assumption that upconver-
state or to the*F 5, upper laser level, which is indicated by sion processes are absent. It is assumed that each relaxation
the dashed lines in Fig. 1. takes place from lowest to lowest Stark level of the involved

Table IV lists the parameters of the laser transitions inmultiplets. The total fractions of deexcitation via mul-
Nd:YLF and Nd:YAG. The measured effective stimulated-tiphonon processes under nonlasing and lasing conditions are
emission cross section is the atomic cross section weightechlculated as the sum of all contributions with respect to the
by the Boltzmann factor of the upper Stark laser lewl. energy of a pump photon of 12 500 ch Corresponding
denotes the product of spectral and spatial fraction of fluovalues for Nd:YAG are given in Sec. lll. The Stark-level
rescence coupled into the TEMaser mode. The resonator energies are taken from the summary in Ref. 10. The energy
losses are adjusted in the simulation in order to reproduce thef the lowest Stark level of th&F 5, multiplet (not included
output powers measured in the experiments. in Ref. 10 is 12533 cm*.%!

Table V provides data on the eight individual mul- In Table VI values of the parameters used for the calcu-
tiphonon processes that lead to heat generation in thkation of the temperature profiles and thermal lenses in YLF
Nd:YLF crystal, their rate-equation termis(r), the energy and YAG are summarized. The values f@r are derived
gapsAE; that have to be bridged by these processes, and tHeom the values oK, using Eq.(B25) of Appendix B.

TABLE IV. Parameters of the laser transitions in Nd:YLF and Nd:YAG.

Crystal YLF YAG

Polarization -pol o-pol Ref. Ref.
Upper Stark laser level 2 1 2
Lower Stark laser level 3 3 3
Wavelengthn; (nm) 1047 1053 1064
Boltzmann factob, (300 K) 0.427 0.573 0.384
Boltzmann factob; (300 K) 0.113 0.113 0.186
Eff. emission cross section (18° cn) 1.9 1.4 44 4.6 50
Atomic cross sectiorr, (1071° cnf) 4.45 2.44 12.0
Degeneracyy, 2 2 2
Degeneracyg, 2 2 2
FractionP 101 101 101
Optical resonator length,, (mm) 136 136 Expt. 143 Expt.
Double-pass lossds (%) 1.0 1.0 1.8
Mirror reflectance infouRf (%) 100/90 100/90 Expt. 100/97 Expt.
TEM, laser-beam radius;, (um) 300 300 Expt. 200 Expt.
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TABLE V. Multiphonon processes in Nd:YLF. The contribution of each process under nonlasing condi-
tions is calculated from the branching ratios of relaxations from the upper laser level, under neglect of the
influence of interionic upconversion. Under lasing conditions, it is assumed that decay from the upper laser
level occurs only via stimulated emission on the laser transition.

Process Rate-equation term Multiphonon energy Nonlasing Lasing
2G(1)gp— 4Gy 9g(r)= 75 *Ng(r) AEg=1961cm? 0.0% 0.0%
4G7p—Ggpy 97(r) =73 'N4(r) AE,;=1901cm? 0.0% 0.0%
4Gy *Fspp O6(r) =75 "Ng(r) AEg=4621cm? 0.0% 0.0%
4F5—*Fap 95(r) =75 *Ns(r) AEg=995cm! 100.0% 100.0%
4F g 150 04(r) = ¥a3Ba37s “Na(r) AE,=5690 cm! 3.4% 0.0%
15— 13 93(r) =73 *Na(r) AE;=1901cm?t 4.0% 0.0%
12— N1 9o(r) =175 *Ny(r) AE,=1950cni? 15.5% 0.0%
HNay— g 91(r) =77 'Ny(r) AE;=1997 cm! 67.8% 100.0%

Total fraction 25.0% 23.9%

For many of the thermal and thermo-optical parameters ofire 5.8% 6.7 6.95/° 7-82 7.3-7.7%3 7.524%37.7-8.2%
Nd:YAG, several values have been found in the literature8.22% and 8.9< 107 K~1.5* We use the recently published
The value of the thermal conductivity of 12 WEm™! is
averaged from the values of 9.76,103® 10.5%° 12.9%

13223244213_14% and 14 W K1 m~12° published values

of heat-transfer coefficients are?%?%%°1.14-11.4? and

7.5x10* WK 1m? (Ref. 23 from crystal to water and

6.5%2 102° and 27.5 WK'm™? (Refs. 21 and 28from
crystal to air. We use values of<110* W K~ m~2 for heat
transfer from crystal via copper to water and 6.5 Wn 2
for heat transfer from crystal to air in our calculations.

temperaturen/ =dn, /d T, at room temperature are?7,.240

7.323398324 8938 gnd 9.86<10 6 K142 We use the
24, because this

value of Ref.

value of Ref.

35, because this

reference provides

temperature-dependent data, from which we calculate the

value of the almost linear increase ®f with temperature of

af=da}/dT=1.25x10"8 K72, (cf. the value of 1.625
X 10~ 8 K2 derived from the data of Refs. 24 and)3Pub-
lished values of Poisson’s ratio are 0.(ef. 35 and 0.30°
In the model of Ref. 36, the expansion coefficient is pro-
portional to the Groeisen parameter and the specific heat
which both depend on temperature. Since then®isen pa-
The refractive index, is taken from Refs. 23, 24, 39, and rameter increases only slightly for temperatures approaching
42. Published data of the change in refractive index withthe Debye temperatu®, (750 K in YAG®"*3), the tempera-
ture dependence of the expansion coefficient is mostly deter-
mined by the temperature dependence of the specific heat,

reference providesvhich is given by the Debye function. At room temperature

temperature-dependent data, from which we calculate ther 0.4T, the Debye function increases with a slope of 1.4

value ofn/=dn//dT=2.6x10 8 K2
Room-temperature data of the expansion coefficight

x10 3 K™%, in reasonable agreement with the value of
afl ay=2.2x10"% K™ derived from the data of Ref. 35.

TABLE VI. Values of the parameters used for the calculation of the temperature profiles and thermal lenses in YLF and YAG. The
temperature dependencies of the YLF values denoted with an asterisk are estimated from the corresponding dependence in YAG.

Crystal YLF YAG

Axis C axis a axis Ref. Ref.
Thermal conductivity
K (300 Ky (WK™ 1m™) 5.8 7.2 38 12 averaged
T-independen® (W m™3) 1740 2160 3600
Temp. of radial heat sinK},, (K) 288 Expt. 288 Expt.
Transfer coeff. ClKy, (W m™2) 1x10* 1x 10 20, 26, and 27
Temp. of long. heat sink,,, (K) 293 Expt. 293 Expt.
Transfer coeff. aiKy, (W m™2) 6.5 6.5 52
Refractive indexn, 1.470 1.448 23 and 39 1.82 23, 24, 39, and 42
dn,/dT=n; (300 K) (1078 K™} —4.3 -2.0 2, 23, and 38 8.3 24
dn//dT=n] (1008 K™? -1.3 —0.63 2.6 24
Expansion coeff.
a} (300 K) (1076 K™Y 8 13 2, 23, 38, and 39 5.8 35
dai/dT=af (1078 K™? 173 2.8 1.25 35
Scaling factorC,, 0.35 0.35
Poisson’s ratiov 0.33 23 and 39 0.25 35
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The remaining part can be attributed to the temperature desrystal are implemented for the calculation of thermal flux
pendence of the Gneisen parameter. and temperature. The radial rod boundary is approximated by
Values of the thermal conductivity in YL measured in  the squared finite elements. The calculated volume covers
a- and c-axis direction at room temperature, dfc,  one quadrant of the transverse area. Several of the equations
=72WKtm™ and Kc,=5.8 WK *m™?, respectively, following in the remainder of this appendix must be multi-
are used in the calculation(cf. the value of K¢ plied by a factor of 4 in order to take account of the full
=6 W K1 m1,223955ith no indication of a dependence transverse area.
on crystal axis given in those referenge¥alues of n/ The geometry of the spatial resolution is denotedrby
=dn,/dT atT,=300 K, for the two crystal axes in YLF, are =(X.,y,z), the space vector,=(X,y), its transverse part,
No(To) = —4.3x107® K1 and n/,(To) = —2.0x 107 K2 Xa(r), Y1(r) andxy(r), y,(r) the inner and outer transverse
(Refs. 2, 23, and 38[cf. the values ofn/ (Ty)=—3.0 borders of the spatial element, its lengths(r)=x,(r)
%106 K~! and N/, (To) = —0.8x 107% K~! (Ref. 55]. —xl_(r) gndAy(r)=y2(r)—y1(r), Al(z), the length of the
Several temperature-dependent data of YLF could not biPngitudinal element, and voI(r)=Ax(r),Ay(r)AI(z), the
found in literature. These values are estimated from the cot0lume of the spatial element at Ax(rr’), Ay(rr’), and
responding temperature dependence in YAG and are denotéd (zZ') are the distances between the centers of adjacent
with an asterisk in Table VI. Experimental data may differ spatial elements located mtandr’.
from these values. We use the slage measured for YAG
and redimension it for YLF by multiplying with the factors
n,.(YLF)/n/(YAG)=-0.52 and n/,(YLF)/n/(YAG)=
—0.24, respectively. It is thus assumed that the qualitative . o o
function n/(T) in YLF is similar to that in YAG, but the The absorption coefficientsr,(;)(r) of the individual
absolute values ofi; are adjusted for the case of YLF. Re- spectral parts of the pump beam at wavelengilfi) within
sulting values for YLF aren),=—1.3x10"8 K~2 andn/, the spatial element atare
=—0.63x10 8 K2 The same procedure applies for the
expansion coefficient. Values in YLF at room temp- N _
erature are af(To)=8x10°K™' and af (To) N =) Nolr), (1)
=13%x10 ¢ K~1,223383%9 Recalculation of the temperature
dependence for YLF yields estimated valuesadf,=1.73
X108 K2 anda},=2.82x10 8 K2,

1. Rate equations

where Nqy(r) is the population density of the ground state.
The pump-beam radii in tangential and sagittal resonator
plane(with the waist radiiw,, andw,, at the crystal front
surfacez=0) are given by

APPENDIX B: EQUATIONS
X,y"™p

—_— (B2)
TNrc1aWpxono

In this appendix, all equations of the computer model are Whsy(2) = Wayopot
explained for the calculation with three-dimensioftahgen-
tial, sagittal, longitudinal resolution which was used in the
case of the tetragonal system Nd:YLF. The equations folThe fractionp,(r) of the power of the Gaussian pump beam
two-dimensionalradial, longitudinal resolution used in the contained in the spatial elementratompared with the total
case of the cubic system Nd:YAG are somewhat easier angump power in the longitudinal elemenis
have partly been published in Ref. 10. They shall not be
presented here. Parameters are explained in Appendix A.

zZM2 \ r

X, Y, and z are the variables of tangential, sagittal, and " 2 Xa(1) F<_2X’2> ,
longitudinal coo_rdlnate W|th_|n the crystal, respectively. They Pp W 2)Wpy(2) Jxyr) st(z)
represent the discrete longitudinal elementsl to n cover-
ing the crystal lengtH . as well as the discrete transverse ya(r) —2y'? )
elementsc,y=1 to m covering twice the maximum pumped X v ex —WS @ dy’. (B3)
1 y

radii w,, ,(z=n) in tangential and sagittal planes, respec-
tively, at the position of the last longitudinal element at the
crystal back surface. A finite-element resolutiomef8 and  The Gaussian integrals in E@3) do not possess an analyti-
m=10 is chosen for the calculation, providing 800 finite cal solution for arbitrary boundaries and must be solved nu-
elements for the calculation of the population dynamics. Furmerically. The powerP, ,)(z) which is launched into the
ther spatial elements covering the remaining outer part of théongitudinal element is calculated as

z—1 m
Por (2= 0Piny LI {2 [pp(r)exp(—Al(Z )y (r' D]} (B4)
x"y'=1

z'=1
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It is an implication of Eqs(B3) and (B4) that after absorp- dN,(r)/dt= 75 *Ns(r)— 75 *N,4(r)

tion of the pump power in each longitudinal element a

Gaussian pump shape is maintained, i.e., a possible degrada- — 2(Wy +W,+W3)NZ(r) =S, (1),

tion of the Gaussian pump shape due to ground-state bleach- (B11)

ing and, therefore, radially non-uniform absorption is ne-
glected. With Eqs(B1)—(B4), the equations for the pump

ratesR, y(r) of the spectral parts of the pump power per dN3(r)/dt= 37, "Na(r)— 75 "N3(r) +W;N3(r),
unit volume from the ground state into th€s, level read: (B12)
Np Poin(z r - _ -
Rui(N={1—ex —Al@ay (T} —p,x%(l(i;ap( 3 AN(r)/dt= Bayry Ny(r) + 73 IN5(r) — 75 "N(r)
(B5) +W,N2(r), (B13)
h and c denote Planck’s constant and the vacuum speed of
light, respectively. The resulting pump ra(r) for ab- dNy(r)/dt=By7; INL(r) + 75 INo(r) — 77 N4 (1)
sorption on the ground-state transitibhy, (level 0) —*Fs, )
(level 5), +W3N5(r) +S54(r), (B14)
k
-3 R (B6) ¢
Ros(N) =2, Ryi)(1), Nd=2,0 Ni(r). (B15)
is the sum of thek=8 individual pump rate®, (r). The
rate equations for the population densitiégr) read For the calculation of the stimulated-emission rate, the fol-
) ., lowing considerations are made. Thermal redistribution
dNg(r)/dt=W3Ny(r)—7g "Ng(r), (B7)  within the multiplets takes place instantaneously. Since the

temperature profile of the active material is calculated in the
dN7(r)/dt=W,N3(r)+ 75 "Ng(r)— 77 *N7(r), (B8  simulation, the Boltzmann distributions of upper and lower
) . . Stark laser levels are considered with spatial resolution. The
dNe(r)/dt=W;Ng(r)+ 77 "N7(r)— 76 "Ne(r), (B9  fraction p,(r) of the photon number of the Gaussian laser
beam contained in the spatial element abmpared with the
dNs(r)/dt=Rog(r)+ 76 "Ng(r) =75 'Ns(r), (B10)  total photon number in the longitudinal elemeris

2 Xo(r) 2x'2 yzm v
pi(r)= 77'Wlx(Z)WIy(Z) Xq(r) %WM(Z)) X ya(r) ex |y(Z) (B18

In the low-gain approximation, the rate equation for the photon nunghgy in the resonator forr and o polarization,
respectively, is given by

le <
de . ldt= |_Z [XE [PBau7s 'N 4(r)+5w/a(|')]V0|(r)] {—In[Rf;Rf,(1— L)]} d’wlm (B17)

y=1

where S_,,(r) is the stimulated-emission rate on the laser 2. Heat generation and temperature profiles

transition, The dissipated thermal powé€,(r) in each spatial ele-

ment is calculated from the multiphonon rates according to

O\ 7lo

XAX(r)Ay(r) 2|0p pl(r)¢7T/O'

(B18) 8
Qu(r)= 2, AEi(r)vol(r), (B20)

The output powelP,; on the laser transition can be calcu-

lated from the equation
where theAE; of Table V of Appendix A have been con-

verted to Sl units byAE;(J)=100hcAE; (cm™Y). The
Pout,mloc= 2| (1 Rfp) 57— N ¢>w/o (B19  three-dimensional thermal conduction is considered for the
calculation of the temperature distribution in the laser rod,
After the initial determination of Eq4B2), (B3), and(B16),  taking into account the anisotropy in the thermal conductiv-
Egs. (B1), (B4)—(B15), (B17), and (B18) are solved in a ity for the YLF host. With the power of the thermal flux for
Runge-Kutta calculation of fourth order. the tangential, sagittal, and longitudinal directions given by
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Pinx(1) = = Kco(T(N)AN(2) Ay(r)[ AT (r'r)/AX(r'r)— AT, (i ")/AX(rr "), (B21)
Piny(r)=—Kca(T(N))AI(2) AX()[AT,(r'r)/Ay(r'r) = AT (rr ")/ Ay(rr")], (B22
Pin(r)=—Kca(T(NAX(NAY(D[AT,L(r'1)/Al(z'2) — AT, (rr ") /Al (z2')], (B23)

and with Eq. (B20), the equation for the thermal According to experimental data for YA®, the temperature

conductioni® reads dependence of the expansion coefficiert, which is the
parameter of one-dimensional free expansion, is also as-
_ sumed to be linear:
JT(r)fot= C,p vol(r) [Qun(r)+ Pinx(r)+Prny(r)
+PyAN)]. (B24) a1era(T(1))= atga(To) + argal T(r) = Tol.  (B29)

Here AT(r'r) is the difference between the temperaturesye make the simplifying assumption that EB29) is modi-
T(r') and T(r) at the centers of two adjacent spatial ele-¢qq by stress and strain according to

ments atr’ andr, respectively, in the directionr (—r) of

the powerPy,(r) of the thermal flux. The convention for the , , Y

sign of AT(r'r) is such that powePy(r) flowing into the ara(T(N)=Calatga(To) + @l T(r)—Tol}.

spatial element at has a positive sign. At room temperature (B30)

and above, the temperature dependence of the thermal coRere C,, is a parameter varying in the range, ... ,J. It
ductivity of a crystalline material is sufficiently well de- takes into account that, if a transversely localized tempera-
scribed by the general la ture increase occurs, the heated element cannot freely expand
in the longitudinal direction, because it is constrained by its

Kewa(T(1)=0,/T(r), (B25) colder surrounding.
where the paramete? depends on the host material and is  The change in refractive index leads to the following con-
usually in the range(l,...,2. Experimental results for tribution of the spatial element atto the optical path differ-

YAG (cf. Refs. 22 and 57 and references thereinggest ence for radiation polarized ir or o polarization'®202326:27

6~1 around 300 K. This value is also used as an approxi-

mation in our calculation for YLF. Radial convective cooling On' o1() =01 a(T(H)T(NAI(2). (B31)
by a water-cooled copper heat sink and convective air cool- ’

ing at the rod end faces is assumed. The radial and longit

dinal boundary conditions %255 Since in the YLF experiment the longitudinal axis is one of
[ u y itions :

the twoa axes of the crystal, the contribution of the spatial
element atr to the optical path difference induced by end-

K - . .
aT(non,,=— _[T(r)=T,,,], (B26) face bulging is given by202%26.27
Kcoa(T(r))
with the heat flux being directed parallel to the normg) of 0,(N=(Na—1)(1+v)al(T(N)T(NAI(Z), (B32)

the surface. For a small finite element at locatioat, e.g.,

the tangential surface, the heat flux through the surface ig;in a;, from Eq. (B30). In the paraxial approximation, the

assumed as transverse shape of the optical path difference for a beam
traveling in the longitudinal direction is calculated from Egs.

KTr
- T - B31) and(B32), and
aT(r)/ ot Cop volT) Al(Z)Ay()[Tp,—T(N)]. (B31) and (B32)
(B27) ,
Equation(B27) does not take into account a possible differ- Oy (1) =2, Opr oym(1)+0,(r). (B33
z=1 '

ence in surface heat-transfer coeffici&it along the crystal
a andc axis of YLF, because data of the transfer coefficient

are not available for this material. We fit a value of a spherical lens to each spacing between
two transversely adjacent finite elements in order to derive
3. Thermal lensing the thermal lens power with transverse resolution. A spheri-

. o ] cal thermal lens at radial position is described by the

The change in refractive index with temperaturg,  equation59
=dn, /dT, is itself a function of temperature. According to
xperimental results for YAG; we make the linear roxi-

experimental resuits for VA, we make the inear appro 40,/ (1) =0yl Koy, %72, (B34

Niea(T(N)=N{/a(To) 0y [T(N) = Tol.  (B28) fm(r)=—rI[1.d0,,(r)/dr]=111K,,,]. (B35
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f,/» are the focal lengths fos and 7 polarization, respec- f o1 (X)=—=X/[1.d0,,(x)/dX]

tively. In contrast to the commonly used equatibfr)= s 2

—1/1.d20(r)/dr?], Eq. (B35) also describes the thermal =[x5—=x7]{21 [ Og/n(X1) = Ogyn(X2) 1}

lens correctly, if Eq(B34) includes an aspheric part, e.g., a (B37)

term ~dr?. Solving Eq.(B34) for k, replacingr by x ory,
using the discrete notation of the finite-element approach,
and fitting a spherical lens to the difference in optical pathWe further calculate singlé.e., not transversely resolved
length between two elements, we can writeg., for the values of the thermal lens power by weighting the transverse
tangential resonator plahe shape of the thermal lens power with the Gaussian intensity
shape of the laser or probe beam which was used for the
Kotrx=2[Ourn(X1) = O,rn(X2) J[X5—X7],  (B36)  thermal lens measurements.
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