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Upconversion-induced heat generation and thermal lensing in Nd:YLF and Nd:YAG

M. Pollnau,* P. J. Hardman, M. A. Kern, W. A. Clarkson, and D. C. Hanna
Optoelectronics Research Centre, University of Southampton, Southampton SO17 1BJ, United Kingdom

~Received 2 June 1998!

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 systems in aQ-switched 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.
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I. INTRODUCTION

The Nd:YAG (Nd31:Y3Al5O12) and Nd:YLF
(Nd31:LiYF4) transitions at 1.064 and 1.053mm, respec-
tively, have been widely used for laser applications, beca
they offer several advantages over other laser systems:
Nd31 transition at 1mm involves a four-level scheme wit
fast multiphonon transitions populating the upper and dep
ing the lower laser level. Its large stimulated-emission cr
section allows a low laser threshold, while the small qu
tum defect allows high slope efficiency. YAG has a hi
fracture limit which is of advantage for use in high-pow
laser systems. YLF, on the other hand, is an attractive h
material because of the wavelength match of the laser t
sition ~1.053mm! with Nd31 glass amplifiers, the long stor
age time of the Nd31 upper laser level, its natural birefrin
gence, and its relatively weak thermal lensing on
polarization corresponding to 1.053mm operation.1 This
weak lensing observed under lasing conditions is a con
quence of YLF showing a decrease of refractive index w
increasing temperature, creating a negative thermal l
which partly compensates for the positive lens due to
bulging of the rod end faces. It gives Nd:YLF a significa
advantage over Nd:YAG for power-scaling of diode-en
pumped systems into the multiwatt region while retaining
output beam of high spatial quality.2–4

However, under conditions of higher excitation densi
such as nonlasing conditions,Q-switched operation, or op
eration as an amplifier, a strong deterioration in the per
mance of this seemingly simple system is observed. W
increasing pump power and intensity, the Nd:YLF syst
exhibits a significantly reduced storage time und
Q-switched operation and a decreasing laser efficiency5–7

This behavior has been explained by lifetime quenching o
ing to interionic upconversion processes involving tw
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neighboring ions in the upper laser level.8–10 As a conse-
quence, Nd:YLF exhibits visible fluorescence from ener
levels above the pump level. Furthermore, measuremen
the induced thermal lens under lasing and nonlasing co
tions demonstrate that significant additional heat is gener
in the nonlasing situation, with the same pump power.11 For
Nd:YAG, similar effects of fluorescence quenching,12,13 ad-
ditional heat generation,14,15 and increased thermal lensing16

under nonlasing conditions have been observed.
The increased heat load has a number of undesirable

sequences, such as spherical aberration in the thermall
duced lens, with consequent degradation in laser-beam q
ity and higher resonator losses. Ultimately, with sufficie
heat load, rod fracture will occur. With these effects bei
particularly pronounced under nonlasing conditions, it f
lows thatQ-switched operation and operation as an amplifi
will be especially susceptible. Therefore, an understandin
the mechanisms underlying the significant difference in h
dissipation under lasing and nonlasing conditions, and
resulting thermal lensing, is of great importance for the o
eration of these systems. Thermal lens calculations17–27have
been performed mostly for Nd:YAG, but also for Nd:YL
and other materials. Those calculations have usually
sumed a uniform heat input distribution or, if end-pumped
radially Gaussian distribution and, in the longitudinal dire
tion, an exponentially decaying heat input which was
sumed to be a constant fraction of absorbed pump pow
With this approach, it is not possible to explain the diffe
ence in thermal lensing observed under lasing and nonla
conditions.11,16

In this paper, we carry out a spatially resolved investig
tion of the influence of the population dynamics on the h
load and thermal lensing behavior of the Nd:YLF a
Nd:YAG systems under intense end-pumping for both las
and nonlasing conditions. It is shown that interionic upco
16 076 ©1998 The American Physical Society
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version is responsible for significant additional heat load
der nonlasing conditions and, in combination with the un
vorable temperature dependence of thermal and ther
optical parameters, leads to a dramatic increase in the
lens power and spherical aberration of the thermal lens un
nonlasing conditions. Methods to decrease the influenc
interionic upconversion are discussed.

In the following section, we shall investigate the way
which interionic upconversion influences the population d
namics of the system. In Sec. III, we shall discuss how
upconversion processes increase the heat dissipation.
temperature distributions that result from the given therm
input are derived and the influence of the pump spectral
tribution is investigated. Section IV is devoted to the calc
lation of the thermal lensing behavior, a comparison w
experimental results, and a discussion of the consequenc
our results for certain operational regimes. The paramete
the experiments and simulations are presented in Appe
A and the equations implemented in the computer prog
are introduced in Appendix B.

II. POPULATION DYNAMICS

Detailed measurements of the thermal lensing beha
versus pump power under lasing and nonlasing conditi
revealed that there is a significant increase in thermal
powers under nonlasing compared to lasing conditions, w
up to a factor of 6 observed in Nd:YLF~Ref. 11! and up to a
factor of 2 in Nd:YAG.16 To investigate this behavior,
computer source code was developed that allowed the th
dimensional calculation of heat generation, heat conduct
temperature distribution, and thermal lensing on the basi
the spatially resolved population dynamics of the syste
The specific experimental situations referred to above11,16are
the starting points of our numerical investigations.

In a computer simulation involving the relevant leve
~ground state and eight excited states, see Fig. 1! and pro-
cesses~pump power and configuration, ground-state abso
tion and depletion, all lifetimes and branching ratios, th
interionic processes, stimulated emission, and the dat
crystal and resonator!, time- and space-dependent rate eq
tions describing the Nd:YLF and Nd:YAG systems a
solved numerically in order to obtain a quantitative und
standing of our experimental results. For the tetragonal Y
system, a three-dimensional~tangential, sagittal, longitudi
nal! resolution is chosen, whereas the calculations for
cubic YAG system are performed with two-dimensional~ra-
dial, longitudinal! resolution. In these simulations the pop
lation dynamics are calculated and the heat generation,
perature distribution, and consequent thermal lens
behavior under lasing and nonlasing conditions are inve
gated.

In the experiments the radiation of a 20-W diode-laser
was focused onto the crystal front surface, using a be
shaping technique.28 Pump details and details of laser mo
size are given in Tables I and IV in Appendix A, respe
tively. The pump radiation was absorbed on the ground-s
transition 4I 9/2→4F5/2, see Fig. 1. The spectral distributio
of the pump radiation is taken into account in the simulati
The spectral line shape is treated as Gaussian. The absor
cross sections in Nd:YLF are taken from the spectrum of F
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2. In our experiments,11 the pump wavelength was signifi
cantly detuned from the Nd:YLF absorption peak at 797 n
see Fig. 2, in order to prevent rod fracture. The correspo
ing spectrum of Nd:YAG is not shown. Since rod fracture
a minor problem in Nd:YAG under the chosen pump con
tions, the pump wavelength was tuned directly onto the
sorption peak at 809 nm in this host.16

The spatially resolved pump rate is calculated from E
~B1!–~B6! of Appendix B, using the parameters of Tables
and II of Appendix A. At low pump power, i.e., if ground
state bleaching is absent, the absorbed fraction of
launched pump power is approximately 85% in the Nd:Y

FIG. 1. Energy-level scheme of Nd:YLF indicating the dom
nant processes in the system: pump absorption with a rateR05,
multiphonon transition to the4F3/2 upper laser level, fluorescen
transitions from the upper laser level, interionic upconversion p
cesses UC1-UC3 from the upper laser level, cascaded multiphon
relaxations~dashed lines!, and lasing Stark transitions inp and s
polarization. The important processes are the same in Nd:Y
except for the details of the laser transition at 1064 nm.

FIG. 2. Measured absorption spectrum of Nd:YLF for light p
larized parallel to the crystalc axis ~p polarization!. Investigated
spectral positions of the pump radiation emitted by the diode b
normal position centered at 800.1 nm~solid line! and shift by 0.2
nm toward the absorption peak at 797 nm~dashed line!. The spec-
tral distribution of the diode emission is assumed to be of Gaus
shape.
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crystal and 97% in the Nd:YAG crystal. At the highest inc
dent pump powers of 12 W for Nd:YLF and 14.2 W fo
Nd:YAG, these values reduce to 79% and 95%, respectiv
as a consequence of ground-state bleaching.

Concentration-dependent quenching of the lifetime of
Nd31 4F3/2 level has been observed in several host materi
Three different cross-relaxation processes involving
4F3/2 and 4I 9/2 levels have been suggested29–32to be respon-
sible for the observed behavior. If the population of the4I 9/2
ground state is assumed to be independent of pump po
the corresponding depletion rate from the4F3/2 level will be
linear with pump power and is thus incorporated in the m
sured lifetime of the4F3/2 level for the specific dopant con
centration used in our experiment. If ground-state bleach
in taken into account, the decay rate introduced by the cr
relaxation processes is actually slightly less than linear w
pump power.

Since the terminating levels4I 15/2 and 4I 13/2 of these pro-
cesses have extremely short lifetimes, it is of marginal
portance for the population mechanisms of the system un
nonlasing or cw lasing conditions whether the difference
tween the total decay rate and the sum of the radiative de
rates is due completely to multiphonon relaxation into
4I 15/2 level, as in our assumption~cf. Appendix A and Table
III !, or partly to cross-relaxation processes. Both possibili
result in the excitation of one ion being transferred co
pletely nonradiatively from the4F3/2 level to the ground
state. The induced heat generation is also equivalent,
these processes do not have to be considered separat
our rate equations; see later in Sec. III A. Evaluations of
specific contribution of concentration quenching to heat g
eration in Nd:YAG have been published in Refs. 32 and

Interionic upconversion has been discussed in recent
pers as a source of lifetime quenching in Nd:YLF under c
ditions of high excitation density.8–10 Three upconversion
processes UC1-UC3 ~see Fig. 1! have been suggested10 to
contribute in a significant way to the population dynamics
Nd:YLF. These processes are considered in our simulat
The measured value for the parameter describing the in
ence of these combined upconversion processes, na
1.7310216 cm3/s,8 was confirmed in an independe
approach,10 but with relatively high error margin. The est
mated parameters of the individual interionic upconvers
processes are given in Table III of Appendix A. The inve
tigations of Ref. 10 indicate that the spectral overlap of
upconversion processes UC1-UC3 does not vary significantly
with temperature in the range 250–500 K, hence a poss
temperature dependence of the parameters of upconvers
not considered in the simulations.

Investigation of interionic upconversion in Nd:YAG
~Refs. 8 and 34! resulted in published parameters which va
significantly in value. The value of the upconversion para
eter of 5310217 cm3/s ~6900 s21 for a dopant concentration
of 1 at. %! determined in Ref. 34 was found to provide co
sistency of our experimental and calculated results for th
mal lens powers.

It is apparent from Fig. 1 that, since levels 1 to 3 and 5
8 decay predominantly via fast multiphonon relaxation in
their next lower-lying levels10 and have a population densit
of ,1026 of the dopant concentration, the effect of the thr
different processes UC1-UC3 on the population dynamics i
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similar ~cf. the detailed discussion in Ref. 10!. It is, there-
fore, of no great importance for our calculation which para
eters of the individual upconversion processes are actu
used in the rate equations as long as the sum of the pa
eters is equal to the parameters published for Nd:YLF~Refs.
8 and 10! and Nd:YAG ~Ref. 34! ~cf. also Sec. III for the
influence of upconversion on heat dissipation!.

The population densities of the levels which are deno
by a number and a spectroscopic term as well as the ex
tion and relaxation rates indicated in Fig. 1 are calcula
from the rate-equation system~B7!–~B15! of Appendix B,
using the spectroscopic parameters of Table III of Appen
A. The spatially resolved stimulated-emission rate on the
ser transition4F3/2→4I 11/2, see Fig. 1, is calculated from
Eqs. ~B16!–~B19! of Appendix B, using the parameters o
Table IV of Appendix A.

A. Excitation profiles

Since the4F3/2 upper laser level is the only level whic
has a long lifetime, significant excitation is accumulated o
in this level. The excitation of this level depends on t
transverse shape of the beam as well as the longitudinal
tribution of the pump-power absorption, with the stronge
excitation being found at the crystal front surface and in
center of the pump beam. In addition, the excitation depe
on the conditions under which energy is extracted.

Under nonlasing conditions, the upper laser level is
pleted by fluorescence and multiphonon relaxation as we
by interionic upconversion. The radial profiles of the exci
tion density in Nd:YLF at the crystal front surface for diffe
ent pump powers are shown in Fig. 3~upper three curves!.
The excitation does not rise linearly with pump power, b
cause the upconversion rates and, thus, the depletion o
4F3/2 level increase nonlinearly with increasing excitatio
density. The radial excitation profile is almost Gaussian
lower pump powers, but becomes more super-Gaussian
increasing pump power, i.e., the relative increase in exc
tion is less pronounced in the center where the upconver
processes have a stronger influence.

Under lasing conditions, the excitation density of the u
per laser level is clamped to laser threshold, see Fig. 3~lower

FIG. 3. Calculated excitation density for Nd:YLF within th
front 5% of the crystal length versus tangential radius~pump-beam
radiuswpx05340mm, laser-beam radiuswlx5300mm! for differ-
ent pump powers of 12, 8, and 4 W under nonlasing~upper three
curves! and lasing conditions~lower three curves!.
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three curves!. The excitation density in Nd:YLF at the high
est pump power of 12 W is an order of magnitude sma
than under nonlasing conditions. It is also apparent tha
laser-beam waist which is smaller than the pump-beam w
~as in the tangential direction shown in Fig. 3: pump-be
radius wpx05340mm, laser-beam radiuswlx5300mm),
does not extract the gain in the wings completely.

B. Upconversion rates

The transverse dependence of the upconversion rate
unit volume in Nd:YLF with respect to the pump rate
shown in Fig. 4 for different pump powers under nonlasi
~upper three curves! and lasing conditions~lower three
curves! at the crystal front surface. The difference of t
excitation densities under nonlasing and lasing condition
one order of magnitude at high pump power~Fig. 3! induces
a difference in the upconversion rate which, as a con
quence of its quadratic dependence on excitation densit
two orders of magnitude larger under nonlasing conditio
compared to lasing conditions~Fig. 4!.

Comparison of the upconversion rate with the pump r
provides an indication of the absolute influence of upconv
sion. The upconversion rate is defined here as the rate f
single ion, i.e., the depletion rate of the4F3/2 level popula-
tion is twice this rate. Under nonlasing conditions, on the o
hand, the upconversion rate reaches 63% in the center o
pump beam at the highest pump power. This means tha
depletion rate of the4F3/2 level by upconversion is 126% o
the pump rate, which is possible, because the half of
population which is upconverted to high-lying levels sub
quently repopulates the4F3/2 level via multiphonon relax-
ation, thus introducing an additional excitation rate for th
level of 63% of the real pump rate. Under lasing conditio
on the other hand, interionic upconversion has a marg
influence.

The additional depletion rate which is introduced to t
4F3/2 upper laser level by interionic upconversion leads t
significant decrease in the lifetime of this level. Cons
quently, this reduces the storage capacity of the system u
Q-switched operation or operation as an amplifier. This
fect has been discussed in detail in Refs. 8 and 10.

FIG. 4. Calculated relative upconversion rates for Nd:YLF w
respect to pump rate within the front 5% of the crystal length ver
tangential radius~pump-beam radiuswpx05340mm, laser-beam
radiuswlx5300mm! for different pump powers of 12, 8, and 4 W
under nonlasing conditions~upper three curves! and lasing condi-
tions ~lower three curves!.
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III. HEAT GENERATION
AND TEMPERATURE PROFILES

The main purpose of our investigation is to understand
nonlinearities which lead to the strong difference in therm
lens power measured under lasing and nonlas
conditions.11,16In this section, the processes that lead to he
ing of the Nd:YLF and Nd:YAG crystals are identified an
the spatial temperature profiles are derived.

A. Heat generation

It is assumed in our calculation that pump absorption a
fluorescent emission do not contribute directly to therm
loading of the rod by intramultiplet phonon relaxation, i.e
the actual Stark-level structures are neglected and the tra
tions are assumed to originate from and terminate in the l
est Stark levels of the corresponding multiplets. Thus, th
processes contribute only indirectly to heat dissipation
subsequent multiphonon-relaxation processes into low
lying multiplets, which are indicated by the dashed lines
Fig. 1.

Likewise, interionic upconversion processes only contr
ute indirectly to heat generation via subsequent multipho
relaxation, because there is a direct spectral overlap for
corresponding emission and absorption lines,10 hence these
processes do not require assistance from an absorbe
emitted phonon. The total heat dissipation resulting from
cascaded multiphonon relaxations following each pair
processes~relaxation of one ion and excitation of its neare
neighbor ion! is the same for the three individual process
and corresponds to one completely nonradiative relaxa
from the upper laser level. The statement that only the s
of the parameters of the three interionic processes UC1-UC3
is of relevance for our investigation can, therefore, be
tended to the thermal calculations.

The heat generated by cross relaxation and subseq
multiphonon decay from the upper laser level is also inc
porated in our calculation, because concentration quenc
of the intrinsic lifetime of the upper laser level is consider
in the measured fluorescence lifetime and the additional
cay rate is assumed to be nonradiative. This leads to a q
titatively correct contribution from concentration quenchin
as long as the amount of ground-state bleaching is smal

Thus, the thermal load of the crystal is due solely to t
cascaded multiphonon relaxations indicated by the das
lines in Fig. 1. Data of the eight individual processes a
summarized in Table V of Appendix A for the case
Nd:YLF. The spatially resolved heat load of the crystal
calculated from Eq.~B20! of Appendix B.

We first investigate the thermal power generated un
lasing conditions. If the excitation density is clamped
threshold, interionic upconversion has a marginal influen
and the upper laser level is depleted almost completely
the laser transition, i.e., the multiphonon transitions4F3/2
→4I 15/2→4I 13/2→4I 11/2 can be neglected. The thermal loa
can then be calculated from the sum of the contributions
the multiphonon relaxations from pump level to upper la
level, 4F5/2→4F3/2, and from lower laser level to groun
state,4I 11/2→4I 9/2 ~as indicated in Table V of Appendix A!
or, equally, from the Stokes efficiency of the system. F
Nd:YLF, 24% of absorbed pump power is converted to he

s
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This result is independent of pump power, if the laser thre
old is low. This finding is in agreement with the result o
tained from the solution of the full rate-equation system,
Fig. 5, which is 2.3 W of thermal load for 9.5 W of absorb
power in Nd:YLF.

Under nonlasing conditions, the situation is much mo
complicated. When calculating the heat generated by the
ear relaxation rates, the branching ratios from the4F3/2 level
~see Table III of Appendix A! have to be taken into accoun
In Nd:YLF, a fraction ofg43b4350.034 is assumed to deca
via multiphonon relaxation from the upper laser level to t
next lower-lying level and further via multiphonon process
to the ground state, i.e., all four processes4F3/2→4I 15/2
→4I 13/2→4I 11/2→4I 9/2 generate heat in this case. This ra
includes the part that decays via cross relaxation. A frac
of (12g43)b4350.006 decays via fluorescence on the tra
sition 4F3/2→4I 15/2 and generates heat only via the latt
three processes, a fraction ofb42 decays via fluorescence o
the transition4F3/2→4I 13/2 and generates heat via the latt
two processes, etc. This results in the relative strengths o
above four multiphonon processes as indicated in Table V
Appendix A. When neglecting interionic processes, the re
is that 25% of absorbed pump power would be converted
heat, which is similar to the fraction under lasing conditio

The same investigation in Nd:YAG leads to a simil
fraction of 25% under lasing conditions, but the correspo
ing fraction of heat generation owing to linear proces
under nonlasing conditions would increase to more th
29%. This is because of the larger phonon energies
YAG as well as additional nonradiative quenchin
channels,12,13,15,29,30,32,33resulting in an increased nonradi
tive rate from the4F3/2 upper laser level and a correspon
ingly smaller fluorescence lifetime in Nd:YAG.

However, the upconversion processes lead to a rela
increase in the rates of the multiphonon processes comp
to predominantly fluorescent decay and, in addition, ind
the processes 2G(1)9/2→4G7/2→4G5/2→4F5/2→4F3/2.
Therefore, the heat dissipation calculated from the full ra
equation system under nonlasing conditions deviates sig
cantly from the values of 25% in Nd:YLF or 29% i
Nd:YAG, see Fig. 5, and increases nonlinearly with pum

FIG. 5. Calculated thermal power dissipated in the whole cry
versus absorbed pump power under nonlasing and lasing condi
for Nd:YLF ~thick lines! and Nd:YAG~thin lines!. The data under
nonlasing conditions are not directly comparable, because
pump-waist areas are 3403220mm2 in Nd:YLF and 225
3225mm2 in Nd:YAG, leading to a different influence of upcon
version under nonlasing conditions.
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power. In Nd:YLF 4.9 W of thermal load for 9.5 W of ab
sorbed pump power is generated under nonlasing conditi
i.e., 52% or more than twice the amount of heat compare
lasing conditions. The result for Nd:YAG, 40% or 5.4 W o
thermal load for 13.5 W of absorbed pump power und
nonlasing conditions, is less pronounced~Fig. 5!, because the
fluorescence decay time is shorter, i.e., the linear proce
are stronger, and the upconversion parameter is smalle
Nd:YAG compared to Nd:YLF.

B. Temperature profiles

The large amount of pump-induced heating requires co
ing of the laser crystal. This is usually realized by radial h
transfer from the crystal surface to a cooling element, e.g
water-cooled copper block, e.g., using a layer of indium f
to enhance thermal contact between crystal and a coo
element. This requires a radial temperature gradient from
rod center. Consequently, the crystal forms a thermally
duced lens. In this section, the temperature profiles produ
by the Gaussian pump shape, the nonlinear heat dissipa
the temperature-dependent thermal conductivity, and the
dial cooling are calculated.

The importance of the temperature dependence of
thermal conductivity for the resulting temperature profil
has recently been pointed out by a number
authors.23,24,26,35Thermal resistance at ambient temperatu
and above arises owing to phonon-phonon scattering. S
the number of phonons increases linearly with temperat
the thermal conductivity varies with temperature as 1/T. For
a more detailed description, cf. Ref. 36. Generally, the th
mal conductivity has a small dependence on the doped io37

Radial convective cooling by a copper heat sink and surf
convective cooling by air are assumed in the calculati
Convective air cooling at the rod end faces is found to ha
only a small influence in the calculation.

With Eqs. ~B21!–~B27! of Appendix B and the param
eters of Table VI of Appendix A, the temperature distrib
tion in the whole rod is calculated under lasing and nonlas
conditions for different pump powers. The sagittal and lo
gitudinal temperature profiles in Nd:YLF at the highest a
sorbed power of 9.5 W are shown in Figs. 6~a! and 6~b!. The
largest temperature increase is found at the crystal front
face in the center of the pump beam where the strong
absorption occurs. Whereas the temperature increase
the coolant temperature of 288 K does not exceed 45 K
der lasing conditions, see Fig. 6~b!, the increase under non
lasing conditions is more than 115 K at the point of high
pump absorption, see Fig. 6~a!. Consequently, the tempera
ture gradient is much more pronounced under nonlasing c
ditions.

The corresponding temperature increase in Nd:YAG
9.5 W of absorbed power is only 37 and 62 K under las
and nonlasing conditions, respectively. At the highest
sorbed power of 13.5 W, the increase is 54 and 95 K, resp
tively. The larger temperature increase in Nd:YLF is a res
of the smaller thermal conductivity in this host and the larg
contribution of upconversion under nonlasing condition
The temperature dependence of the thermal conductivity
ther increases the temperature in the Nd:YLF rod.

We include the spectral distribution of the diode pum
power in our calculation, cf. Eqs.~B1!–~B6! of Appendix B
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and Table II of Appendix A. Since the absorption cross s
tion changes with pump wavelength, the absorption len
may vary significantly over the spectral pump distribution.
Nd:YLF, the pump wavelength was significantly detun
from the absorption peak at 797 nm, see Fig. 2, in orde
prevent rod fracture.

Now we consider a situation where the spectral emiss
of the diode pump power is temperature tuned by only
nm toward the absorption peak at 797 nm~dashed line in
Fig. 2!. Since the major part of the pump power is in
spectral region where the absorption cross section cha
only slightly with pump wavelength, the total absorption
the incident pump power of 12 W increases only from 79
to 80% under nonlasing conditions. This is a tiny effect a
would hardly be noticed in a direct way in the experime
but the consequences for temperature, stress, and strain
rod are much more pronounced. A small part of the pu
power at the short-wavelength side of the pump spectrum
shifted to a wavelength region of strong absorption, cf. Ta
II of Appendix A, and is now absorbed within the front pa
of the crystal. The calculation shows that, with all the no
linearities involved, the temperature in Nd:YLF at the fro
surface in the center of the pump beam increases from 40
414 K, thus strongly increasing stress and strain in this a
and, ultimately, posing an increased risk of rod fracture.

FIG. 6. Calculated temperature profiles for Nd:YLF versus s
ittal radius ~pump-beam radiuswpy05220mm, laser-beam radius
wly5300mm! under ~a! nonlasing and~b! lasing conditions. The
radial boundary given by the rod radius isr b562 mm. Owing to
convective radial cooling by a water-cooled copper block, the te
perature at the boundary is elevated from the radial coolant t
perature ofTbr5288 K by a few K.
-
th

to

n
2

es

d
,
the
p
is
e

-
t
to
a

IV. THERMAL LENSING

As shown in our calculation in Sec. III, the temperatu
varies strongly with radial position owing to the Gaussi
pump profile, the change of the linear population mec
nisms, and heat generation by upconversion under nonla
conditions, as well as the radial cooling of the active m
dium. This temperature profile induces strong thermal le
ing in the crystal.

A. Thermal dispersion, thermal expansion, stress, and strain

Three different effects are generally important in this co
text. First, the refractive index of the host material chang
with temperature, which leads to differences in longitudin
optical path lengths through the rod across the transv
temperature profile, thus introducing a lens whose power
the same sign as the change of refractive index with temp
ture. Second, the crystal expands with temperature and
resulting bulging of the rod end faces defines a lens wh
has the same sign as the expansion of the crystal along
resonator axis. Third, the nonuniform expansion leads
stress in the crystal, which also changes the refractive ind
leading to stress-induced birefringence. It is the purpose
this section to calculate values for the thermal lens for
different population dynamics and heat generation under
ing and nonlasing conditions and to compare these res
with experimentally obtained data.

Since the temperature increase in the rod is signific
under high-power end pumping, a knowledge of the tempe
ture dependence not only of the thermal conductivity but a
of the thermo-optical parameters is important. The chang
refractive index with temperature,dn/dT, is itself a function
of temperature, which, for YAG, is nearly linear over th
temperature range of interest around 300 K. Sin
temperature-dependent data,d2n/dT2, were not available for
YLF, we have assumed the same qualitative temperature
pendence for both crystal axes in YLF~see Appendix A for
details of these assumptions!.

At room temperature and above, the expansion coeffic
also increases almost linearly with temperature. In a sim
model,36 the temperature dependence of the expansion c
ficient depends mainly on the temperature dependence o
specific heat, which can be calculated from the Debye fu
tion. The measured temperature dependence of the expan
coefficient in YAG is in reasonable agreement with th
model. Again, temperature-dependent data were not av
able for YLF and the dependence is estimated from the d
available for YAG, which is justified by the model. For de
tails, cf. Appendix A and Eqs.~B28! and~B29! of Appendix
B.

The third effect, the stress-induced birefringence, is
considered in our calculation. It is believed to be of min
importance in YLF,23 because this material shows a stro
natural birefringence.

Stress and strain also have an influence on the expan
of the crystal. Equation~B29! of Appendix B as well as the
data of the expansion coefficient presented in Appendix
rely on the free expansion of the crystal in one direction. I
transversely localized temperature increase occurs~e.g., end-
pumping with a Gaussian profile!, the heated element canno
freely expand in the longitudinal direction, because it is co
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strained by its colder surrounding. We make the simplifyi
assumption that Eq.~B29! of Appendix B is modified by
stress and strain to Eq.~B30!, where the parameterCa takes
account of this constraint. The above assumption result
the contribution of the bulging having the same radial dep
dence as the temperature distribution. In practice, the sh
of the bulge will probably differ from this profile due to th
modifications introduced by stress and strain, but this fi
order approximation is more realistic than assuming free
pansion.

Ca is treated as the only free parameter in all the cal
lations presented in this paper. It is adjusted in order
match a single measured value, the value of the thermal
power at highest pump power under nonlasing condition
p polarization along the YLFa axis. It is kept at a constan
value for all calculations. This does not introduce a gene
degree of freedom to the calculations, as will become ap
ent later from Fig. 7~a!. Since the contributions to therma
lensing due to the change in refractive index and bulg
have opposite signs and since the former exceeds the l
for p polarization, but the reverse is true fors polarization,
resulting in thermal lenses of opposite sign forp ands po-
larization, the variation ofCa does not allow for an adjust
ment of the calculated magnitude of the thermal lens po
in both p ands polarizations. With increasingCa the ther-
mal lens becomes stronger ins polarization, but it simulta-
neously becomes weaker inp polarization and vice versa. In

FIG. 7. Nd:YLF: ~a! Dioptric power of the thermal lens versu
incident pump power along the crystala axis and~b! variation of
dioptric power~spherical aberration! of thermal lensing versus ra
dius along the crystala axis at the highest incident pump power
12 W: experimental data~solid symbols!, taken from Ref. 11, and
calculated data~open symbols!, in s polarization under nonlasing
~squares! and lasing~triangles! conditions as well as inp polariza-
tion under nonlasing~diamonds! and lasing~circles! conditions.
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addition, a fixed value ofCa has no direct influence on th
pump-power dependence of the thermal lens power, nor
it help in adjusting the difference of the thermal lensing u
der lasing and nonlasing conditions. The same value ofCa is
used for the calculations in Nd:YAG.

B. Thermal lens powers and aberrations

In YLF there are four principal values of thermal len
depending on the choice of polarization,p or s, and on the
choice of lens axis, tangential or sagittal. In our experim
the crystal is oriented with itsc axis parallel to the tangentia
plane.p ands denote the polarizations parallel and perpe
dicular to the crystalc axis, respectively.

Measurements of thermal lensing in Nd:YLF have be
reported by several authors.3,4,11,23 In Ref. 11, the thermal
lens powers were measured versus incident pump power
der lasing and nonlasing conditions. The measurements
vided values of the thermal lens power averaged over
transverse dimension of the laser or probe beam. Under
ing conditions, the output characteristics of the laser be
itself, which had a beam radius of 300mm inside the rod,
was investigated, whereas under nonlasing conditions
transmitted light of a He-Ne probe beam, which had a be
radius of 150mm inside the rod, was used for the detecti
of the thermal lens. The measurements in Nd:YAG~Ref. 16!
were carried out interferometrically. The experimental p
rameters were identical to those presented in Appendix
These parameters were used to calculate the thermal
powers according to Eqs.~B28!–~B37! of Appendix B.

The experimental~solid symbols! and calculated results
~open symbols! for the a axis in Nd:YLF are shown in Fig.
7~a!. The thermal lens power under lasing conditions
creases almost linearly with pump power. The contribut
to the thermal lens power from the change in refractive ind
with temperature is negative. Forp polarization, its absolute
value is larger than that from the bulging of the rod e
faces, resulting in negative thermal lens powers. Fors po-
larization, the contribution from the change in refractive i
dex with temperature is smaller in absolute value and
bulging effect predominates, resulting in a positive sign
the thermal lens.

Under nonlasing conditions, the additional heat genera
by the upconversion processes as well as the unfavor
temperature dependencies of thermal conductivity a
thermo-optical parameters lead to a thermal lens wh
power increases nonlinearly with pump power. At the hig
est pump power of 12 W, the thermal lens power under n
lasing conditions compared to lasing conditions is almost
times stronger inp polarization and almost five times stron
ger ins polarization. The difference in this factor for the tw
polarizations is a consequence of the different tempera
dependence of the change in refractive index and ther
expansion coefficient. The agreement between experime
and calculated results is excellent, indicating that the ma
contributions to heat generation and thermal lensing for tha
axis have been identified.

The measured thermal lens power parallel to thec axis
~tangential plane! is much weaker than that perpendicular
the c axis ~sagittal plane!,11 which is partly due to the large
pump-waist radius in the tangential resonator plane~340mm
compared to 220mm in the sagittal plane! and partly due to
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reasons yet unknown to us. The measured thermal
power parallel to thec axis is less accurately reproduced
the simulation, with the calculated values being larger th
the measured values.

A possible reason for the difference in thermal lens po
ers along the two crystal axes could be a much larger an
ropy in the thermal conductivity fora and c axis than re-
ported in Ref. 38~cf. Table VI of Appendix A!. When
treating the thermal conductivity ina- andc-axis direction as
free parameters, we find from our calculations that the th
mal conductivity along thec axis must be more than a facto
of 2 larger than along thea axis in order to reproduce th
difference in thermal lens powers as obtained from the m
surements. A single influence of either the change of ref
tive index with temperature or the bulging of the rod e
faces can be excluded as a reason, because it would le
thermal lens values which are more positive or negative
both p ands polarization. The experimental results11 show
instead a decrease of the absolute values for bothp and s
polarization.

The experimental results~solid symbols! of Ref. 16 and
calculated results~open symbols! for Nd:YAG are shown in
Fig. 8~a!. Since the YAG system is cubic, the behavior f
tangential and sagittal planes as well as for the correspon
polarizations are identical, and the behavior is described
only one curve for lasing condition and one for nonlasing

Generally, the thermal lens powers are greater
Nd:YAG compared to Nd:YLF, cf. Figs. 8~a! and 7~a!, be-
cause, first, the parameter which makes the main contr

FIG. 8. Nd:YAG: ~a! Dioptric power of the thermal lens ver
sus incident pump power and~b! variation of dioptric power
~spherical aberration! of thermal lensing versus radius at the highe
incident pump power of 14.2 W: experimental data~solid symbols!,
taken from Ref. 16, and calculated date~open symbols!, under non-
lasing ~squares! and lasing~triangles! conditions.
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tion, namely the change in refractive index with temperatu
is much larger in YAG than in YLF, and, second, the co
tributions of change in refractive index and expansion ha
the same sign in YAG and hence add, in contrast to the c
for YLF. In addition, the absorbed pump intensity at t
crystal front surface was twice as large in the Nd:YAG e
periment. On the other hand, the thermal conductivity
higher in YAG, which leads to smaller peak temperatur
thus reducing the runaway effect of the thermal conductiv
decreasing with increasing temperature. As in Nd:YLF,
thermal lens power under nonlasing conditions is larger t
under lasing conditions, but the effect is less pronounced
Nd:YAG, because the fluorescence decay time is shorter
the upconversion parameter is smaller in Nd:YAG compa
to Nd:YLF, which leads to a smaller influence of upconve
sion in Nd:YAG.

The spherical aberrations of the thermal lens along
Nd:YLF a axis for the highest pump power of 12 W a
shown in Fig. 7~b!. Under nonlasing conditions, the aberr
tions are much more pronounced than under lasing co
tions. Similar results are obtained for Nd:YAG at the highe
pump power of 14.2 W, see Fig. 8~b!. Since the thermal lens
powers are generally larger in Nd:YAG compared
Nd:YLF, also the aberrations over the pump-beam radius
significantly larger in Nd:YAG under lasing as well as no
lasing conditions.

These strong aberrations can lead to a distortion of
Gaussian shape of the fundamental laser mode, with a
sequent degradation in laser-beam quality and higher res
tor losses. If part of the aberrated thermal lens, e.g.,
strongest lens in the rod center, leads to a partly unsta
resonator, this will also result in higher resonator losses.

In certain situations, all the nonlinearities involved m
introduce a runaway effect. Higher resonator losses resu
higher threshold inversion, which quadratically increases
conversion rates. This leads to extra heat generation a
higher temperature, which decreases the thermal condu
ity, thus further increasing the temperature. This results
stronger thermal lensing and lens aberration, which is wo
ened by the unfavorable temperature dependence of
thermo-optical parameters. In return, this introduces e
higher resonator losses, and further instability will be high
pronounced. At a critical power level, a small increase
pump power may thus lead to a dramatic change in the
havior of the laser system. A proper resonator design wh
avoids even small resonator losses is, therefore, of extr
importance in order to operate such a laser at high ou
power in a transversely fundamental mode.

C. Consequences for certain operational regimes

It becomes apparent from the investigations of this pa
that the problems of heat generation, thermal lensing,
lens aberration increase significantly if the system is op
ated in a regime of higher excitation density, i.e., in aQ-
switched regime, as an amplifier, or on a low-gain transiti
because upconversion plays a larger role in these regim
with all the consequences discussed above.

Generally, the best way to limit the influence of interion
upconversion is to use a smaller dopant concentration. T
decreases energy migration within the initial level of the u
conversion process and hence the possibility of two exc

t
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tions to meet at the nearest-neighbor distance. Thus, the
conversion parameter decreases. In addition, the excita
density under the same pump conditions is smaller. Ho
ever, this measure implies that a longer rod is used in o
to maintain the fraction of pump power which is absorbed
the rod. If also the absorbed pump intensity is a critical
rameter, this requires a pump source with correspondin
high brightness, i.e., smallM2 values.

A second possibility which underlies the same restrict
concerning the pump source is to tune the pump to a wa
length with smaller absorption cross section, which also
creases the excitation density. This measure is less pow
than the first, because it does not simultaneously decreas
upconversion parameter. Third, the influence of upconv
sion can also be decreased by focusing to a larger pu
waist size.

UnderQ-switched operation, where the pump intensity
less critical, all these methods can be applied. When ope
ing the system as an amplifier, a high pump intensity is
sential for efficient amplification. The pump beam cannot
defocused and a high-brightness pump source is essent
order to apply one of the first two methods. Since no sta
resonator has to be established for the signal beam,
quenching of the storage time of the4F3/2 level by
upconversion8,10 may be a more important problem in th
amplifier situation than thermal lensing.

Besides these consequences for specific operationa
gimes, there are several practical consequences invo
with upconversion-induced heat generation. First, if a
Nd:YAG or Nd:YLF laser operates at high pump powe
misalignment of the resonator leads to significant extra h
generation and an increase in rod temperature within a t
scale of about a second, resulting in an increased risk of
fracture.

Second, because of the stronger thermal lensing un
nonlasing conditions, a certain resonator may become
stable under these conditions at the highest pump po
whereas it remains stable under lasing conditions. Thus
order to operate such a laser at the highest pump power
laser has to be started at medium pump power, where
resonator is stable under nonlasing as well as lasing co
tions, and then the pump can be switched to higher pow
We have observed this effect in a 946-nm Nd:YAG las
system, which generates less heat than a 1.064-mm system
and, consequently, exhibits an even larger difference in f
tional heat dissipation and thermal lensing under lasing
nonlasing conditions.

Independently of specific-heat-generating mechanis
such as upconversion, it is advantageous to choose a s
rod radius and a low cooling temperature in order to keep
temperature in the rod center at a lower level. This decrea
the runaway effects which result from the unfavorable te
perature dependence of thermal and thermo-optical par
eters.

V. CONCLUSIONS

The thermal lensing in high-power diode-end-pump
Nd:YLF and Nd:YAG rods was investigated in experimen
and calculations. The experiments reported in Refs. 11
16 showed a significant difference in thermal lensing un
p-
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lasing and nonlasing conditions. In order to understand th
findings, a computer source code was developed that allo
the three-dimensional calculation of heat generation, h
conduction, temperature distribution, and thermal lensing
the basis of the spatially resolved population mechanism
the system.

Interionic upconversion processes from the4F3/2 level
and subsequent cascaded multiphonon relaxation were fo
to be responsible for a significant increase in heat genera
in Nd:YLF from 24% of the absorbed pump power und
lasing conditions up to 52% under nonlasing conditions,
a maximum absorbed pump power of 9.5 W. In Nd:YAG
corresponding values are 25% and 40%, for 13.5 W of
sorbed pump power. The additional heat load increases n
linearly with pump power. Taking into account the unfavo
able temperature dependence of the thermal conductiv
this leads to an increase in temperature in Nd:YLF at
point of highest pump absorption from 332 K under lasi
conditions to 404 K under nonlasing conditions, when sett
the coolant temperature to 288 K. Corresponding tempe
ture values in Nd:YAG are 342 and 383 K, respective
Owing to the spectral distribution of the diode pump pow
tuning of the diode emission wavelength may lead to a s
nificant increase in temperature, stress, and strain. T
small changes in the overall absorbed pump power can
to a significantly worsened risk of rod fracture.

Thermal lens powers were calculated in Nd:YLF for t
crystala- andc-axis direction and forp ands polarization
under lasing and nonlasing conditions. For thea axis, calcu-
lated results are in excellent agreement with experime
data. The thermal lens power depends almost linearly
pump power under lasing conditions, whereas, under non
ing conditions a strongly nonlinear behavior is measured
calculated, caused by upconversion as well as the temp
ture dependence of thermal and thermo-optical parame
Thermal lens powers up to a factor of 6 larger were obser
under nonlasing compared to lasing conditions. The sign
cantly weaker thermal lensing for the crystalc axis has as yet
not been understood. It might be caused by a larger ani
ropy in the thermal conductivity than has been reported
the literature.

Generally, there is not sufficient information on therm
and thermo-optical parameters in the YLF host. The te
perature dependence of the thermal and thermo-optical
rameters as well as the components of the strain and ela
optical tensors will have to be measured accurately and
thermally induced stress and strain will have to be includ
in the simulation in order to provide a more detailed und
standing of thermal lensing in the YLF host.

In Nd:YAG, the observed increase in thermal lens pow
from lasing to nonlasing conditions was only a factor of
because of the stronger linear decay rates and the sm
upconversion parameter compared to Nd:YLF. Howev
thermal lens powers are generally higher than in Nd:YL
because in YAG the change in refractive index with tempe
ture is larger and the resulting contribution to thermal lens
has the same sign as the contribution from the bulging of
rod end faces. At our highest available input powers, un
nonlasing conditions, focal lengths of the thermal lens
small as 2 cm have been found for Nd:YAG, compared t
cm for Nd:YLF.
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The additional heat generation introduces a strong sph
cal aberration of the thermal lens, resulting in decrea
beam quality of the laser output as well as increased res
tor losses, thus further enhancing heat generation and
mal lensing.

The effects discussed in this paper lead to a strong d
rioration in performance when operating the system un
conditions of higher excitation density, e.g., in aQ-switched
regime, as an amplifier, or on a low-gain transition. Poss
measures to reduce the detrimental influence of interio
upconversion include increasing the pump-waist size, de
ing the pump wavelength from a region of strong absorpti
and using a longer rod with smaller dopant concentration
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APPENDIX A: PARAMETERS AND VALUES

This appendix explains all parameters which are relev
for the computer calculations and provides all values use
the simulations.

In Table I, the data of the Nd:YLF and Nd:YAG crysta
as well as the data of the pump beams are summarized.

TABLE I. Crystal and pump data.

Crystal YLF Ref. YAG Ref.

Densityr (103 kg m23) 3.99 39 4.55 40 and 41
Specific heatCp (J K21 kg21) 790 2 607 40 and 42
Debye temp.TD ~K! 750 37 and 43

Length l c ~mm! 6 Expt. 10 Expt.
Radiusr b ~mm! 2 Expt. 1.5 Expt.
Nd31 conc.Nd (1020 cm23) 1.59 Expt. 1.52 Expt.

~at. % on Y31 site! ~1.15! ~1.1!
Orientation ofc axis i x axis Expt.

Polarization of pump light i x axis Expt.
Diode pump powerPin @W# 20 Expt. 20 Expt.
Coupling efficiencyh in 0.60 Expt. 0.71 Expt.
abs. fraction ofh inPin

at low pump power 0.85 Expt. 0.97 Expt.
at highest pump power 0.79 0.95

Pump focuswp0 ~mm!

Tangential plane~x axis! 340 Expt. 225 Expt.
Sagittal plane~y axis! 220 Expt. 225 Expt.
Beam-quality factorM2

Tangential plane~x axis! 79 Expt. 75 averaged
Sagittal plane~y axis! 63 Expt. 75 averaged
ri-
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sorbed fractions of the launched pump power at low in
power are experimental data which are reproduced in
calculations. Absorbed fractions at high pump power are
termined from the calculations and take into account grou
state bleaching.M2 values of the pump beam in the Nd:YAG
experiment are averaged from the values measured alon
tangential and sagittal planes.

Table II provides the spectral distribution of the diod
pump power in the experiments investigating Nd:YLF~upper
eight rows! and Nd:YAG ~lower five rows!. The
temperature-stabilized pump wavelengths are centere
lp5800.1 and 809.0 nm, respectively. The spectral lin
widths are approximatelyDl53 nm. For the simulations
the spectral pump shape is assumed to be Gaussian, and
~or five! individual spectral parts centered at waveleng
l( i ) are calculated. Also given are the fractional pow
Pin,l( i ) /Pin and the absorption cross sectionsp,l( i ) of each
part, as derived from the spectrum of Fig. 2~Nd:YLF! or
from the corresponding spectrum of Nd:YAG. If, in th
Nd:YLF experiment, the diode is temperature-tuned
Dls50.2 nm toward the absorption peak at 797 nm, the
dividual absorption cross sections are shifted toward the
uesss,l( i ) .

In Table III, the spectroscopic parameters of Nd:YLF a
Nd:YAG are presented. The intrinsic lifetimes of upper a
lower laser level are given in the table. The lifetimest i of
the other excited levels have been discussed in Ref. 10
Nd:YLF and are assumed here ast i;20 ns for Nd:YLF and
Nd:YAG. The branching ratiosb4i from the 4F3/2 upper la-
ser level are calculated from Judd-Ofelt data for the radia
transition rates in Nd:YLF~Ref. 47! and Nd:YAG~Ref. 48!
and from the fluorescence lifetimet4 with the procedure
used in Ref. 49. This procedure assumes that the differe
between the total intrinsic decay ratet4

21 and the sum of the
radiative decay rates is due to multiphonon relaxation i
the next lower-lying level4I 15/2. The nonradiatively emitted
fraction of the rate from the4F3/2 upper laser level into the
next lower-lying level is given byg43, i.e., the branching
ratio b43 splits into a radiative part (12g43) b43 and a non-

TABLE II. Spectral distributions of the diode pump power
the experiments investigating Nd:YLF~upper eight rows! and
Nd:YAG ~lower five rows!.

No.
l( i )
~nm!

Pin,l( i ) /Pin

~%!
sp,l( i )

(10220 cm2)
ss,l( i )

(10220 cm2)

1 798.8 6.1 3.30 3.85
2 799.2 8.6 2.40 2.80
3 799.5 14.4 2.10 2.40
4 799.9 20.9 1.85 2.00
5 800.3 20.9 1.75 1.85
6 800.7 14.4 1.70 1.75
7 801.0 8.6 1.70 1.70
8 801.4 6.1 1.75 1.70

1 808.0 16 2.6
2 808.5 21 3.3
3 809.0 26 4.6
4 809.5 21 2.0
5 810.0 16 1.3
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TABLE III. Spectroscopic parameters of Nd:YLF and Nd:YAG.

Crystal Nd:YLF Ref. Nd:YAG Ref.

Lifetimes ~ms!
Upper laser level: t4 520 44 230 39

(Nd31 conc. 1 at. %!
Lower laser level: t1 0.02 45 and 46 0.0002 46

Branching ratios
4F3/2→4I 15/2: b43 0.040 this Ref. 0.114 this Ref
Nonradiative fraction: g43 0.858 this Ref. 0.970 this Ref
4F3/2→4I 13/2: b42 0.115 this Ref. 0.113 this Ref
4F3/2→4I 11/2: b41 0.523 this Ref. 0.446 this Ref
4F3/2→4I 9/2: b40 0.322 this Ref. 0.327 this Ref

Upconversion (10216 cm3 s21)
UC1: W1 0.01 10
UC2: W2 0.26 10
UC3: W3 1.43 10
W5W11W21W3 1.7 8 and 10 0.5 34
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radiative partg43 b43. All other excited levels are assume
to decay nonradiatively into their next lower-lying level~cf.
Ref. 10 and references therein! and further to the ground
state or to the4F3/2 upper laser level, which is indicated b
the dashed lines in Fig. 1.

Table IV lists the parameters of the laser transitions
Nd:YLF and Nd:YAG. The measured effective stimulate
emission cross section is the atomic cross section weig
by the Boltzmann factor of the upper Stark laser level.P
denotes the product of spectral and spatial fraction of fl
rescence coupled into the TEM00 laser mode. The resonato
losses are adjusted in the simulation in order to reproduce
output powers measured in the experiments.

Table V provides data on the eight individual mu
tiphonon processes that lead to heat generation in
Nd:YLF crystal, their rate-equation termsq i(r ), the energy
gapsDEi that have to be bridged by these processes, and
n
-
ed

-

he

e

he

fractions of absorbed pump energy transformed into hea
the individual processes under nonlasing and lasing co
tions, both under the theoretical assumption that upcon
sion processes are absent. It is assumed that each relax
takes place from lowest to lowest Stark level of the involv
multiplets. The total fractions of deexcitation via mu
tiphonon processes under nonlasing and lasing conditions
calculated as the sum of all contributions with respect to
energy of a pump photon of 12 500 cm21. Corresponding
values for Nd:YAG are given in Sec. III. The Stark-lev
energies are taken from the summary in Ref. 10. The ene
of the lowest Stark level of the4F5/2 multiplet ~not included
in Ref. 10! is 12 533 cm21.51

In Table VI values of the parameters used for the cal
lation of the temperature profiles and thermal lenses in Y
and YAG are summarized. The values forQ are derived
from the values ofKC , using Eq.~B25! of Appendix B.
.

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

Crystal YLF YAG

Polarization p-pol s-pol Ref. Ref.

Upper Stark laser level 2 1 2
Lower Stark laser level 3 3 3
Wavelengthl l ~nm! 1047 1053 1064
Boltzmann factorb4 ~300 K! 0.427 0.573 0.384
Boltzmann factorb1 ~300 K! 0.113 0.113 0.186
Eff. emission cross section (10219 cm2) 1.9 1.4 44 4.6 50
Atomic cross sections l (10219 cm2) 4.45 2.44 12.0
Degeneracyg4 2 2 2
Degeneracyg1 2 2 2

FractionP 10211 10211 10211

Optical resonator lengthl opt ~mm! 136 136 Expt. 143 Expt.
Double-pass lossesL ~%! 1.0 1.0 1.8
Mirror reflectance in/outR f ~%! 100/90 100/90 Expt. 100/97 Expt
TEM00 laser-beam radiuswl ~mm! 300 300 Expt. 200 Expt.
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TABLE V. Multiphonon processes in Nd:YLF. The contribution of each process under nonlasing c
tions is calculated from the branching ratios of relaxations from the upper laser level, under neglect
influence of interionic upconversion. Under lasing conditions, it is assumed that decay from the uppe
level occurs only via stimulated emission on the laser transition.

Process Rate-equation term Multiphonon energy Nonlasing Lasin

2G(1)9/2→4G7/2 q8(r )5t8
21N8(r ) DE851961 cm21 0.0% 0.0%

4G7/2→4G5/2 q7(r )5t7
21N7(r ) DE751901 cm21 0.0% 0.0%

4G5/2→4F5/2 q6(r )5t6
21N6(r ) DE654621 cm21 0.0% 0.0%

4F5/2→4F3/2 q5(r )5t5
21N5(r ) DE55995 cm21 100.0% 100.0%

4F3/2→4I 15/2 q4(r )5g43b43t4
21N4(r ) DE455690 cm21 3.4% 0.0%

4I 15/2→4I 13/2 q3(r )5t3
21N3(r ) DE351901 cm21 4.0% 0.0%

4I 13/2→4I 11/2 q2(r )5t2
21N2(r ) DE251950 cm21 15.5% 0.0%

4I 11/2→4I 9/2 q1(r )5t1
21N1(r ) DE151997 cm21 67.8% 100.0%

Total fraction 25.0% 23.9%
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For many of the thermal and thermo-optical parameter
Nd:YAG, several values have been found in the literatu
The value of the thermal conductivity of 12 W K21 m21 is
averaged from the values of 9.76,40 10,38 10.5,35 12.9,40

13,2,23,24,4213–14,43 and 14 W K21 m21.39 Published values
of heat-transfer coefficients are 1,20,26,39 1.14–11.4,52 and
7.53104 W K21 m22 ~Ref. 23! from crystal to water and
6.5,52 10,20 and 27.5 W K21 m22 ~Refs. 21 and 23! from
crystal to air. We use values of 13104 W K21 m22 for heat
transfer from crystal via copper to water and 6.5 W K21 m22

for heat transfer from crystal to air in our calculations.
The refractive indexnr is taken from Refs. 23, 24, 39, an

42. Published data of the change in refractive index w
temperature,nr85dnr /dT, at room temperature are 7,2 7.2,40

7.3,23,39 8.3,24 8.9,38 and 9.8631026 K21.42,21 We use the
value of Ref. 24, because this reference provid
temperature-dependent data, from which we calculate
value ofnr95dnr8/dT52.631028 K22.

Room-temperature data of the expansion coefficientaT8
f
.

h

s
e

are 5.8,35 6.7,38 6.95,40 7–8,2 7.3–7.7,43 7.5,24,53 7.7–8.2,39

8.2,23 and 8.931026 K21.54 We use the recently publishe
value of Ref. 35, because this reference provid
temperature-dependent data, from which we calculate
value of the almost linear increase ofa r8 with temperature of
aT95daT8 /dT51.2531028 K22, ~cf. the value of 1.625
31028 K22 derived from the data of Refs. 24 and 39!. Pub-
lished values of Poisson’s ratio are 0.25~Ref. 35! and 0.30.23

In the model of Ref. 36, the expansion coefficient is p
portional to the Gru¨neisen parameter and the specific he
which both depend on temperature. Since the Gru¨neisen pa-
rameter increases only slightly for temperatures approach
the Debye temperatureTD ~750 K in YAG37,43!, the tempera-
ture dependence of the expansion coefficient is mostly de
mined by the temperature dependence of the specific h
which is given by the Debye function. At room temperatu
or 0.4TD , the Debye function increases with a slope of 1
31023 K21, in reasonable agreement with the value
aT9 /aT852.231023 K21 derived from the data of Ref. 35
G. The
G.
TABLE VI. Values of the parameters used for the calculation of the temperature profiles and thermal lenses in YLF and YA
temperature dependencies of the YLF values denoted with an asterisk are estimated from the corresponding dependence in YA

Crystal YLF YAG

Axis c axis a axis Ref. Ref.

Thermal conductivity
KC ~300 K! ~W K21 m21! 5.8 7.2 38 12 averaged
T-independentQ ~W m21! 1740 2160 3600
Temp. of radial heat sinkTbr ~K! 288 Expt. 288 Expt.
Transfer coeff. CuKTr ~W m22) 13104 13104 20, 26, and 27
Temp. of long. heat sinkTbz ~K! 293 Expt. 293 Expt.
Transfer coeff. airKTz (W m22) 6.5 6.5 52
Refractive indexnr 1.470 1.448 23 and 39 1.82 23, 24, 39, and 42
dnr /dT5nr8 ~300 K! (1026 K21) 24.3 22.0 2, 23, and 38 8.3 24
dnr8/dT5nr9 (1028 K22) 21.3* 20.63* 2.6 24
Expansion coeff.
aT8 ~300 K! (1026 K21) 8 13 2, 23, 38, and 39 5.8 35
daT8/dT5aT9 (1028 K22) 1.73* 2.82* 1.25 35
Scaling factorCa 0.35 0.35
Poisson’s ration 0.33 23 and 39 0.25 35
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The remaining part can be attributed to the temperature
pendence of the Gru¨neisen parameter.

Values of the thermal conductivity in YLF,38 measured in
a- and c-axis direction at room temperature, ofKCa
57.2 W K21 m21 and KCc55.8 W K21 m21, respectively,
are used in the calculation~cf. the value of KC
56 W K21 m21,2,23,39,55with no indication of a dependenc
on crystal axis given in those references!. Values of nr8
5dnr /dT at T05300 K, for the two crystal axes in YLF, ar
nrc8 (T0)524.331026 K21 and nra8 (T0)522.031026 K21

~Refs. 2, 23, and 38! @cf. the values ofnrc8 (T0)523.0
31026 K21 andnra8 (T0)520.831026 K21 ~Ref. 55!#.

Several temperature-dependent data of YLF could no
found in literature. These values are estimated from the
responding temperature dependence in YAG and are den
with an asterisk in Table VI. Experimental data may diff
from these values. We use the slopenr9 measured for YAG
and redimension it for YLF by multiplying with the factor
nrc8 (YLF)/nr8(YAG) 520.52 and nra8 (YLF)/nr8(YAG) 5
20.24, respectively. It is thus assumed that the qualita
function nr8(T) in YLF is similar to that in YAG, but the
absolute values ofnr8 are adjusted for the case of YLF. Re
sulting values for YLF arenrc9 521.331028 K22 and nra9
520.6331028 K22. The same procedure applies for th
expansion coefficient. Values in YLF at room tem
erature are aTc8 (T0)5831026 K21 and aTa8 (T0)
51331026 K21.2,23,38,39 Recalculation of the temperatur
dependence for YLF yields estimated values ofaTc9 51.73
31028 K22 andaTa9 52.8231028 K22.

APPENDIX B: EQUATIONS

In this appendix, all equations of the computer model
explained for the calculation with three-dimensional~tangen-
tial, sagittal, longitudinal! resolution which was used in th
case of the tetragonal system Nd:YLF. The equations
two-dimensional~radial, longitudinal! resolution used in the
case of the cubic system Nd:YAG are somewhat easier
have partly been published in Ref. 10. They shall not
presented here. Parameters are explained in Appendix A

x, y, and z are the variables of tangential, sagittal, a
longitudinal coordinate within the crystal, respectively. Th
represent the discrete longitudinal elementsz51 to n cover-
ing the crystal lengthl c as well as the discrete transver
elementsx,y51 to m covering twice the maximum pumpe
radii wpx,y(z5n) in tangential and sagittal planes, respe
tively, at the position of the last longitudinal element at t
crystal back surface. A finite-element resolution ofn58 and
m510 is chosen for the calculation, providing 800 fini
elements for the calculation of the population dynamics. F
ther spatial elements covering the remaining outer part of
e-

e
r-
ted

e

e

r

nd
e

-

r-
e

crystal are implemented for the calculation of thermal fl
and temperature. The radial rod boundary is approximated
the squared finite elements. The calculated volume cov
one quadrant of the transverse area. Several of the equa
following in the remainder of this appendix must be mul
plied by a factor of 4 in order to take account of the fu
transverse area.

The geometry of the spatial resolution is denoted byr
5(x,y,z), the space vector,r 5(x,y), its transverse part
x1(r ), y1(r ) andx2(r ), y2(r ) the inner and outer transvers
borders of the spatial element, its lengthsDx(r )5x2(r )
2x1(r ) andDy(r )5y2(r )2y1(r ), D l (z), the length of the
longitudinal elementz, and vol(r )5Dx(r )Dy(r )D l (z), the
volume of the spatial element atr . D x̄(rr 8), D ȳ(rr 8), and
D l̄ (zz8) are the distances between the centers of adja
spatial elements located atr and r 8.

1. Rate equations

The absorption coefficientsal( i )(r ) of the individual
spectral partsi of the pump beam at wavelengthl( i ) within
the spatial element atr are

al~ i !~r !5sp,l~ i !N0~r !, ~B1!

whereN0(r ) is the population density of the ground stat
The pump-beam radii in tangential and sagittal resona
plane~with the waist radiiwpx0 andwpy0 at the crystal front
surfacez50! are given by

wpx/y
2 ~z!5wpx0/y0

2 1F zMx,y
2 lp

pnrc/awpx0/y0
G2

. ~B2!

The fractionrp(r ) of the power of the Gaussian pump bea
contained in the spatial element atr compared with the tota
pump power in the longitudinal elementz is

rp~r !5
2

pwpx~z!wpy~z!
E

x1~r !

x2~r !

expS 22x82

wpx
2 ~z! Ddx8

3E
y1~r !

y2~r !

expS 22y82

wpy
2 ~z! Ddy8. ~B3!

The Gaussian integrals in Eq.~B3! do not possess an analyt
cal solution for arbitrary boundaries and must be solved
merically. The powerPp,l( i )(z) which is launched into the
longitudinal elementz is calculated as
Pp,l~ i !~z!5h inPin,l~ i ! )
z851

z21 H (
x8,y851

m

@rp~r 8!exp„2D l ~z8!al~ i !~r 8!…#J . ~B4!
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It is an implication of Eqs.~B3! and ~B4! that after absorp-
tion of the pump power in each longitudinal element
Gaussian pump shape is maintained, i.e., a possible deg
tion of the Gaussian pump shape due to ground-state ble
ing and, therefore, radially non-uniform absorption is n
glected. With Eqs.~B1!–~B4!, the equations for the pum
ratesRl( i )(r ) of the spectral partsi of the pump power per
unit volume from the ground state into the4F5/2 level read:

Rl~ i !~r !5$12exp@2D l ~z!al~ i !~r !#%
lp

hc

Pp,l~ i !~z!rp~r !

vol~r !
.

~B5!

h and c denote Planck’s constant and the vacuum spee
light, respectively. The resulting pump rateR05(r ) for ab-
sorption on the ground-state transition4I 9/2 ~level 0!→4F5/2
~level 5!,

R05~r !5(
i 51

k

Rl~ i !~r !, ~B6!

is the sum of thek58 individual pump ratesRl( i )(r ). The
rate equations for the population densitiesNi(r ) read

dN8~r !/dt5W3N4
2~r !2t8

21N8~r !, ~B7!

dN7~r !/dt5W2N4
2~r !1t8

21N8~r !2t7
21N7~r !, ~B8!

dN6~r !/dt5W1N4
2~r !1t7

21N7~r !2t6
21N6~r !, ~B9!

dN5~r !/dt5R05~r !1t6
21N6~r !2t5

21N5~r !, ~B10!
e

u-
da-
h-

-

of

dN4~r !/dt5t5
21N5~r !2t4

21N4~r !

22~W11W21W3!N4
2~r !2Sp/s~r !,

~B11!

dN3~r !/dt5b43t4
21N4~r !2t3

21N3~r !1W1N4
2~r !,

~B12!

dN2~r !/dt5b42t4
21N4~r !1t3

21N3~r !2t2
21N2~r !

1W2N4
2~r !, ~B13!

dN1~r !/dt5b41t4
21N4~r !1t2

21N2~r !2t1
21N1~r !

1W3N4
2~r !1Sp/s~r !, ~B14!

Nd5(
i 50

8

Ni~r !. ~B15!

For the calculation of the stimulated-emission rate, the f
lowing considerations are made. Thermal redistribut
within the multiplets takes place instantaneously. Since
temperature profile of the active material is calculated in
simulation, the Boltzmann distributions of upper and low
Stark laser levels are considered with spatial resolution.
fraction r l(r ) of the photon number of the Gaussian las
beam contained in the spatial element atr compared with the
total photon number in the longitudinal elementz is
r l~r !5
2

pwlx~z!wly~z!
E

x1~r !

x2~r !

expS 22x82

wlx
2 ~z! Ddx8E

y1~r !

y2~r !

expS 22y82

wly
2 ~z! Ddy8. ~B16!

In the low-gain approximation, the rate equation for the photon numberfp/s in the resonator forp and s polarization,
respectively, is given by

dfp/s /dt5
l c

l opt
(
z51

n H (
x,y51

m

@Pb41t4
21N4~r !1Sp/s~r !#vol~r !J 2$2 ln@R f1R f2~12L !#%

c

2l opt
fp/s , ~B17!
to

-

the
d,

tiv-
r
by
where Sp/s(r ) is the stimulated-emission rate on the las
transition,

Sp/s~r !5@b4,p/s„T~r !…N4~r !2~g4,p/s /g1!b1„T~r !…N1~r !#

3
s l ,p/s

Dx~r !Dy~r !

c

2l opt
r l~r !fp/s . ~B18!

The output powerPout on the laser transition can be calc
lated from the equation

Pout,p/s5
c

2l opt
~12R f2!

hc

l l,p/s
fp/s . ~B19!

After the initial determination of Eqs.~B2!, ~B3!, and~B16!,
Eqs. ~B1!, ~B4!–~B15!, ~B17!, and ~B18! are solved in a
Runge-Kutta calculation of fourth order.
r 2. Heat generation and temperature profiles

The dissipated thermal powerQth(r ) in each spatial ele-
ment is calculated from the multiphonon rates according
Table V of Appendix A, using the equation

Qth~r !5(
i 51

8

DEiq i~r !vol~r !, ~B20!

where theDEi of Table V of Appendix A have been con
verted to SI units byDEi(J)5100hcDEi (cm21). The
three-dimensional thermal conduction is considered for
calculation of the temperature distribution in the laser ro
taking into account the anisotropy in the thermal conduc
ity for the YLF host. With the power of the thermal flux fo
the tangential, sagittal, and longitudinal directions given
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Pth,x~r !52KCc„T~r !…D l ~z!Dy~r !@DTx~r 8r !/D x̄~r 8r !2DTx~rr 9!/D x̄~rr 9!#, ~B21!

Pth,y~r !52KCa„T~r !…D l ~z!Dx~r !@DTy~r 8r !/D ȳ~r 8r !2DTy~rr 9!/D ȳ~rr 9!#, ~B22!

Pth,z~r !52KCa„T~r !…Dx~r !Dy~r !@DTz~r 8r !/D l̄ ~z8z!2DTz~rr 9!/D l̄ ~zz9!#, ~B23!
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and with Eq. ~B20!, the equation for the therma
conduction56 reads

]T~r !/]t5
1

Cpr vol~r !
@Qth~r !1Pth,x~r !1Pth,y~r !

1Pth,z~r !#. ~B24!

Here DT(r 8r ) is the difference between the temperatu
T(r 8) and T(r ) at the centers of two adjacent spatial e
ments atr 8 and r , respectively, in the direction (r 8→r ) of
the powerPth(r ) of the thermal flux. The convention for th
sign of DT(r 8r ) is such that powerPth(r ) flowing into the
spatial element atr has a positive sign. At room temperatu
and above, the temperature dependence of the thermal
ductivity of a crystalline material is sufficiently well de
scribed by the general law36

KCc/a„T~r !…5Qc/a /Td~r !, ~B25!

where the parameterd depends on the host material and
usually in the range~1, . . . ,2!. Experimental results for
YAG ~cf. Refs. 22 and 57 and references therein! suggest
d'1 around 300 K. This value is also used as an appro
mation in our calculation for YLF. Radial convective coolin
by a water-cooled copper heat sink and convective air c
ing at the rod end faces is assumed. The radial and long
dinal boundary conditions are20,26,56

]T~r !/]nr /z5
KTr/z

KCc/a„T~r !…
@T~r !2Tbr/z#, ~B26!

with the heat flux being directed parallel to the normalnr /z of
the surface. For a small finite element at locationr at, e.g.,
the tangential surface, the heat flux through the surfac
assumed as

]T~r !/]t52
KTr

Cpr vol~r !
D l ~z!Dy~r !@Tbr2T~r !#.

~B27!

Equation~B27! does not take into account a possible diffe
ence in surface heat-transfer coefficientKTr along the crystal
a andc axis of YLF, because data of the transfer coefficie
are not available for this material.

3. Thermal lensing

The change in refractive index with temperature,nr8
5dnr /dT, is itself a function of temperature. According
experimental results for YAG,24 we make the linear approxi
mation

nrc/a8 „T~r !…5nrc/a8 ~T0!1nrc/a9 @T~r !2T0#. ~B28!
s
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According to experimental data for YAG,35 the temperature
dependence of the expansion coefficientaT8 , which is the
parameter of one-dimensional free expansion, is also
sumed to be linear:

aTc/a8 „T~r !…5aTc/a8 ~T0!1aTc/a9 @T~r !2T0#. ~B29!

We make the simplifying assumption that Eq.~B29! is modi-
fied by stress and strain according to

aTc/a8 „T~r !…5Ca$aTc/a8 ~T0!1aTc/a9 @T~r !2T0#%.
~B30!

Here Ca is a parameter varying in the range~0, . . . ,1!. It
takes into account that, if a transversely localized tempe
ture increase occurs, the heated element cannot freely ex
in the longitudinal direction, because it is constrained by
colder surrounding.

The change in refractive index leads to the following co
tribution of the spatial element atr to the optical path differ-
ence for radiation polarized inp or s polarization:19,20,23,26,27

On8,s/p~r !5nrc/a8 „T~r !…T~r !D l ~z!. ~B31!

Since in the YLF experiment the longitudinal axis is one
the twoa axes of the crystal, the contribution of the spat
element atr to the optical path difference induced by en
face bulging is given by19,20,23,26,27

Oa8~r !5~nra21!~11n!aTa8 „T~r !…T~r !D l ~z!, ~B32!

with aTa8 from Eq. ~B30!. In the paraxial approximation, th
transverse shape of the optical path difference for a be
traveling in the longitudinal direction is calculated from Eq
~B31! and ~B32!, and

Os/p~r !5(
z51

n

On8,s/p~r !1Oa8~r !. ~B33!

We fit a value of a spherical lens to each spacing betw
two transversely adjacent finite elements in order to der
the thermal lens power with transverse resolution. A sph
cal thermal lens at radial positionr is described by the
equations58,59

dOs/p~r !5Os/p~r !2ks/pdr2/2, ~B34!

f s/p~r !52r /@ l cdOs/p~r !/dr#51/@ l cks/p#. ~B35!
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f s/p are the focal lengths fors and p polarization, respec-
tively. In contrast to the commonly used equationf (r )5
21/@ l cd

2O(r )/dr2#, Eq. ~B35! also describes the therma
lens correctly, if Eq.~B34! includes an aspheric part, e.g.,
term ;dr4. Solving Eq.~B34! for k, replacingr by x or y,
using the discrete notation of the finite-element approa
and fitting a spherical lens to the difference in optical p
length between two elements, we can write~e.g., for the
tangential resonator plane!

ks/p,x52@Os/p~x1!2Os/p~x2!#/@x2
22x1

2#, ~B36!
e

,

C

t

s

n

l
a

ch,
th

f s/p~x!52x/@ l cdOs/p~x!/dx#

5@x2
22x1

2#/$2l c@Os/p~x1!2Os/p~x2!#%.

~B37!

We further calculate single~i.e., not transversely resolved!
values of the thermal lens power by weighting the transve
shape of the thermal lens power with the Gaussian inten
shape of the laser or probe beam which was used for
thermal lens measurements.
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