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1. Introduction

The Nd:YAG (Nd3*:Y;4:0(,) and Nd:YLF (N&°T:LiYFy) transitions at 1.064 um and
1.053 um, respectively, have been widely used for laser applications, because they offer several

advantages over other laser systems: The Nd3* transition at 1 um involves a four-level scheme
| with fast multiphonon transitions populating the upper and depleting the lower laser level. Its
large stimulated-emission cross-section allows a low laser threshold, while the small quantum
defect allows high slope efficiency. YAG has a high fracture limit which is of advantage for use in
high-power laser systems. YLF, on the other hand, is an attractive host material because of the
wavelength match of the laser transition (1. 053 pum) with Nd3* glass amplifiers, the long storage
time of the Nd3* upper laser level, its natural birefringence, and its relatively weak thermal lensing
on the polarization corresponding to 1.053 um operation [1]. This weak lensing observed under
lasing conditions 1s a consequence of YLF showing a decrease of refractive index with increasing
temperature, creating a negative thermal lens, which partly compensates for the positive lens due
to the bulging of the rod end faces. It gives Nd:YLF a significant advantage over Nd:YAG for
power-scaling of diode-end-pumped systems into the multiwatt region while retaining an output
beam of high spatial qualit+ (2, 3, 4].

However, under conditions of higher excitation density, such as non-lasing conditions. Q-
switched operation, or operation as an amplifier, a strong deterioration in the performance of this
seemingly simple system is observed. With increasing pump power and intensity, the Nd:YLF
system exhibits a significantly reduced storage time under Q-switched operation and a decreasing
_laser efficiency [S, 6, 7). This behavior has been explained by lifetime quenching owing to
interionic upconversion processes involving two neighboring ions in the upper laser level (8. 9,
10]. As a consequence, Nd:YLF exhibits visible fluorescence from energy levels above the pump
level. Furthermore, measurements of the induced thermal lens under lasing and non-lasing
conditions demonstrate that significant additional heat is generated in the non-lasing situ.ation,
with the same pump power [11]. For Nd:YAG, similar effects of fluorescence quenching {12, 13},

additional heat generation [14, 15], and increased thermal lensing [16] under non-lasing

conditions have been observed.



Appendix A and the equations implemented in the computer program are introduced in

Appendix B.
2. Population Dynamics

Detailed measurements of the thermal lensing behavior versus pump power under lasing and non-
lasing conditions revealed that there is a significant increase in thermal lens powers under non-
lasing compared to lasing conditions, with up to a factor of six observed in Nd:YLF {11] and up
to a factor of two in Nd:YAG [16]. To investigate this behavior, a computer source code was
developed that allowed the three-dimensional calculation of heat generation, heat conduction,
temperature distribution, and thermal lensing on the basis of the spatially resolved population
dynamics of the system. The specific experimental situations referred to above [11, 16] are the
starting points of our numerical investigations.

In a computer simulation involving the relevant levels (ground state and eight excited states,
see Fig. 1) and processes (pump power and configuration, ground-state absorption and depletion,
all lifetimes and branching ratios, three interionic processes, stimulated emission, and the data of
crystal and resonator), time- and space-dependent rate equations describing the Nd:YLF and
Nd:YAG systems are soived numerically in order to obtain a quantitative understanding of our
experimental results. For the tetragonal YLF system, a three-dimensional (tangential, sagittal,
longitudinal) resolution is chosen, whereas the calculations for the cubic YAG system are
performed with two-dimensional (radial, longitudinal) resolution. In these simulations the
population dynamics are calculated and the heat generation, temperature distribution, and
consequent thermal lensing behavior under lasing and non-lasing conditions are investigated.

In the experiments the radiation of a 20-W diode-laser bar was focused onto the crystal front
surface, using a beam-shaping technique [28]. Pump details and details of laser mode size are
given in Tables 1 ahd 4 in Appendix A, respectively. The pump radiation was absorbed on the
ground-state transition *Ig;, — 4F,, see Fig. 1. The spectral distribution of the pump radiation is
taken into account in the simulation. The spectral line shape is treated as Gaussian. The

absorption cross-sections in Nd:YLF are taken from the spectrum of Fig.2. In our
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[nterionic upconversion has been discussed in recent papers as a source of lifetime quenching
in Nd:YLF under conditicrs of high excitation density (8. 9. 10]. Three upconversion processes
UC,-UC;y (see Fig. 1) have been suggested [10] to contribute in a signiticant way to the
population dynamics in Nd:YLF. These processes are considered in our simulation. The measured
value for the parameter describing the influence of these combined upconversion processes,
namely 1.7x10716 cm3/s [8]. was confirmed in an independent approach [10], but with relatively
high error margin. The estimated parameters of the individual interionic upconversion processes
are given in Table 3 of Appendix A. The investigations of Ref. {10] indicate that the spectral
overlap of the upconversion processes UC;-UC; does not vary significantly with temperature in
the range 250-500 K, hence a possible temperature dependence of the parameters of upconversion
is not considered in the simulations.

Investigation of interionic upconversion in Nd:YAG (8, 34] resulted in published parameters
which vary significantly in value. The value of the upconversion parameter of 5x10717 cm3/s
(6900 s°! for a dopant concentration of 1 at.%) determined in Ref [34] was found to provide
consistency of our experimental and calculated results for thermal lens powers.

It is apparent from Fig. 1 that, since levels 1 to 3 and 5 to 8 decay predominantly via fast
multiphonon relaxation into their next lower-lying levels [10] and have a population density of
<106 of the dopant concentration, the effect of the three different processes UC,-UC;5 on the
population dynamics is similar (cf. the detailed discussion in Ref. [10]). It is, therefore, of no great
importance for our calculation which parameters of the individual upconversion processes are
actually used in the rate equations as long as the sum of the parameters is equal to the parameters
published for Nd:YLF (8, 10] and Nd:YAG [34] (cf also Section3 for the influence of
upconversion on heat dissipation).

The population densities of the levels which are denoted by a number and a Spectroscopic
term as well as the excitation and relaxation rates indicated in Fig. 1 are calculated from the rate-
equation system (7)-(13) gf Appendix B, using the spectroscopic parameters of Table3 of
Appendix A. The spatially resolved stimulated-emission rate on the laser transition “F;,—_; -

41,1 see Fig. 1, is calculated from egs. (16)-(19) of Appendix B, using the parameters of

Table 4 of Appendix A.
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quadratic dependence on excitation density, is two orders of magnitude larger under non-lasing
conditions compared to lasizz2 conditions (Fig. 4).

Comparison of the upconversion rate with the pump rate provides an indication of the
absolute influence of upconvzrsion. The upconversion rate is defined here as the rate for a single
ion. i.e. the depletion rate of the #Fy, level population is twice this rate. Under non-lasing
conditions, on the one hand. the upconversion rate reaches 63% in the center of the pump beam at
the highest pump power. This means that the depletion rate of the *F/, level by upconversion is
126% of the pump rate, which is possible, because the half of the population which is upconverted
to high-lyihg levels subsequently repopulates the 4F3/ level via multiphonon relaxation, thus
introducing an additional excitation rate for this level of 63% of the real pump rate. Under lasing
conditions, on the other hard, interionic upconversion has a marginal influence.

The additional depleticn rate which is introduced to the 4F5,, upper laser level by interionic
upconversion leads to a significant decrease in the lifetime of this level. Consequently, this reduces

the storage capacity of the system under Q-switched operation or operation as an amplifier. This

effect has been discussed in detail in Refs. [8, 10}.

3. Heat Generation and Temperature Profiles

The main purpose of our investigation is to understand the non-linearities which lead to the strong
difference in thermal lens power measured under lasing and non-lasing conditions {11, 16]. In this

section, the processes that lead to heating of the Nd:YLF and Nd:YAG crystals are identified and

the spatial temperature profiles are derived.

3.1. Heat Generation

It is assumed in our calculation that pump absorption and fluorescent emission do not contribute
directly to thermal loading of the rod by intra-multiplet phonon relaxation, i.e., the actual Stark-
level structures are neglected and the transitions are assumed to originate from and terminate in

the lowest Stark levels of the corresponding multiplets. Thus, these processes contribute only



threshold is low. This finding is in agreement with the result obtained from the solution of the full
rate-equation system, see Fig. 5, which is 2.3 W of thermal load for 9.5 W ot absorbed power in
Nd:YLF.

Under non-lasing conditions, the situation is much more complicated. When calculating the
heat generated by the linear relaxation rates. the branching ratios from the 41’3,2 level (see Table 3
of Appendix A) have to be taken into account. In Nd:YLF, a fraction of 743 f43 = 0.034 is
assumed to decay via multiphonon relaxation from the upper laser level to the next lower-lying
level and further via multiphonon processes to the ground state, ie., all four processes “F3; —>
Y5 = Yp3p = YLjin = *lop generate heat in this case. This rate includes the part that
decays via cross relaxation. A fraction of (1 — 743) B4z = 0.121 decays via fluorescence on the
transition 4F3;, — *I;5, and generates heat only via the latter three processes, a fraction of Sy
decays via fluorescence on the transition 4F;, — *y3p and generates heat via the latter two
procésses etc. This results in the relative strengths of the above four processes as indicated n
Table 5 of Appendix A. When neglecting interionic processes, the result is that 25% of absorbed
pump power would be converted to heat, which is similar to the fraction under lasing conditions.

The same investigation in Nd:YAG leads to a similar fraction of 25% under lasing conditions,
but the corresponding fraction of heat generation owing to linear processes under non-lasing
conditions would increase to more than 29%. This is because of the larger phonon energies in
YAG as well as additional non-radiative quenching channels 12, 13, 15, 29. 30, 32, 33], resulting
in an increased non-radiative rate from the 4F3/, upper laser level and a correspondingly smaller
fluorescence lifetime in Nd:YAG.

However, the upconversion processes lead to a relative increase in the rates of the
multiphonon processes combared to predominantly fluorescent decay and, in addition, induce the
processes 2G(1)gp = Gyp — 4Ggp - YFsp — 4F3p. Therefore, the heat dissipation
calculated from the full rate-equation system under non-lasing conditions deviates significantly
from the values of 25% in,’Nd:YLF or 29% in Nd:YAG, see Fig. 5, and increases non-linearly
with pump power. In Nd:YLF, 4.9 W of thermal load for 9.5 W of absorbed pump power is
generated under non-lasing conditions, i.e. 52% or more than twice the amount of heat compared

to lasing conditions. The result for Nd:YAG, 40% or 5.4 W of thermal load for 13.5W of



115K at the point of hizhest pump absorption. see Fig. 6a. Consequently, the temperature
gradient is much more prercunced under non-lasing conditions.

The corresponding temperature increase in Nd:YAG for 9.5 W of absorbed power is only
37K and 62 K under lasing and non-lasing conditions, respectively. At the highest absorbed
power of 13.5 W, the increase is 54 K and 95 K, respectively. The larger temperature increase in
Nd:YLF is a result of the smaller thermal conductivity in this host and the larger contribution of
upconversion under non-?.asing conditions. The temperature dependence of the thermal
conductivity further increases the temperature in the Nd:YLF rod.

We include the spectral distribution of the diode pump power in our calculation, cf. egs. (1)-
(6) of Appendix B and Tatie 2 of Appendix A. Since the absorption cross-section changes with
pump wavelength, the absorption length may vary significantly over the spectral pump
distribution. In Nd:YLF, th.e pump wavelength was significantly detuned from the absorption peak
at 797 nm, see Fig. 2, in order to prevént rod fracture.

Now we consider a situation where the spectral emission of the diode pump power is
temperature tuned by only 0.2 nm toward the absorption peak at 797 nm (dashed line in Fig. 2).
Since the major part of the pump power is in a spectral region where the absorption cross-section
changes only slightly with pump wavelength, the total absorption of the incident pump power of
12 W increases only from 79% to 80% under non-lasing conditions. This is a tiny etfect and
would hardly be noticed in a direct way in the experiment, but the consequences for temperature,
stress, and strain in the rod are much more pronounced. A small part of the pump poWer at the
short-wavelength side of the pump spectrum is shifted to a wavelength region of strong
absorption, cf. Table 2 of Appendix A, and is now absorbed within the front part of the crystal.
The calculation shows that, with all the non-linearities involved, the temperature in Nd:YLF at the
front surface in the center of the pump beam increases from 404 to 414 K, thus strongly

increasing stress and strain in this area and, ultimately, posing an increased risk of rod fracture.



the Debye function. The measured temperature dependence of the expansion coeflicient in YAG
is in reasonable agreement with this model. Again. temperature-dependent data were not available
for YLF and the dependerce is estimated from the data available for YAG. which is justified by
the model. For details, cf. Appendix A and eqgs. (28 2nd (29) ol Appendix B.

The third effect. the stress-induced birefringence. is not considered in our calculation. It is
believed to be of minor importance in YLF [23], because this material shows a strong natural
birefringence.

Stress and strain also have an influence on the expansion of the crystal. Equation (29) of
Appendix B as well as the data of the expansion coetficient presented in Appendix A rely on the
free expansion of the crystal in one direction. If a trénsversely localized temperature increase
occurs (e.g. end-pumping with a Gaussian profile). the heated element cannot freely expand in
longitudinal direction, because it is constrained by its colder surrounding. We make the
simplifying assumption that eq. (29) of Appendix B is modified by stress and strain to eq. (30),
where the parameter C,, takes account of this constraint. The above assumption results in the
contribution of the bulging having the same radial dependence as the temperature distribution. In
practice, the shape of the bulge will probably differ from this profile due to the modifications

introduced by stress and strain, but this first-order approximation is more realistic than assuming

free expansion.

C, is treated as the only free parameter in all the calculations presented in this paper. It is
adjusted in order to match a single measured value, the value of the thermal lens power at highest
pump power under non-lasing conditions in nt-polarization along the YLF a-axis. [t is kept at a
constant value for all calculations. This does not introduce a general degree of freedom to the
calculations, as will become apparent later from Fig. 7a: Since the contributions to thermal lensing
due to the change in refractive index and bulging have opposite signs and since the former
exceeds the latter for m-polarization, but the reverse is true for c-polarization, resulting in thermal
lenses of opposite sign for‘n- and o-polarization, the variation of C does not allow for an
adjustment of the calculated magnitude of the thermal lens power in both - and o-polarizations.
With increasing C,, the thermal lens becomes stronger in o-polarization, but it simultaneously

becomes weaker in m-polarization and vice versa. In addition, a fixed value of Cy has no direct



parameters lead to a thermal lens whose power increases non-linearly with pump power. At the
highest pump power of 12 W. the thermal lens power under non-lasing conditions compared to
lasing conditions is almost six times stronger in z-polarization and almost five times stronger in o-
polarization. The ditference in this tactor for the two polarizations is a consequence of the
different temperature deperdence of the change in refractive index and thermal éxpansion
coefficient. The agreement between experimental and calculated results is excellent, indicating
that the major contributions to heat generation and thermal lensing for the a-axis have been
identified.

The measured thermal lens power parallel to the c-axis (tangential plane) is much weaker than
that perpendicular to the c-axis (sagittal plane) [11], which is partly due to the larger plimp-waist
radius in the tangential resonator plane (340 pm compared to 220 pm in the sagittal plane) and
partly due to reasons yet unxnown to us. The measured thermal lens power parallel to the c-axis
is less accurately reproduced in the simulation, with the calculated values being larger than the
measured values.

A possible reason for the difference in thermal lens powers along the two crystal axes could
be a much larger difference in the thermal conductivity for a- and c-axis than reported n
Ref. [38]. When treating the thermal conductivity in a- and c-axis direction as free parameters, we
find from our calculations that the thermal conductivity along the c-axis must be more than a
factor of two larger than along the a-axis in order to reproduce the difference in thermal lens
powers as obtained from the measurements. A single influence of either the change of refractive
index with temperature or the bulging of the rod end faces can be excluded as a reason, because it
would lead to thermal lens values which are more positive or negative for both =n- and o-
polarization. The experimental results [11] show instead a decrease of the absolute values for both
n- and o-polarization.

The experimental results (solid symbols) of Ref. {16] and calculated results (open symbols) for
Nd:YAG are shown in Fig. ?a. Since the YAG system is cubic, the behavior for tangential and
sagittal planes as well as for the corresponding polarizations are identical, and the behavior is

described by only one curve for lasing condition and one for or non-lasing.



to a dramatic change in the behavior of the laser system. A proper resonator design which avoids
even small resonator losses ‘s, therefore, of extreme importance in order to operate such a laser at

high output power in a transversely fundamental mode.
4.3. Consequences for Certain Operational Regimes

It becomes apparent from the investigations of this paper that the problems of heat generation,
thermal lensing, and lens aberration increase significantly, if the system is operated in a regime of
higher excitation density, ie. in a Q-switched regime, as an amplifier, or on a low-gain ;ransition,'
because upconversion plays a larger role in these regimes, with all the consequencés discussed
above.

Generally the best way to limit the influence of interionic upconversion is to use a smaller
dopant concentration. This decreases energy migration within the initial level of the upconversion
process and hence the possibility of two excitations to meet at nearest-neighbor distance. Thus,
the upconversion parameter decreases. In addition, the excitation density under the same pump
conditions is smaller. However, this measure implies that a longer rod is used in order to maintain
the fraction of pump power which is absorbed in the rod. If also the absorbed pump intensity is a
critical parameter, this requires a pump source with correspondingly high brightness, i.e. small M
values.

A second possibility which underlies the same restriction concerning the pump source is to
tune the pump to a wavelength with smaller absorption cross-section, which also decreases the
excitation density. This measure is less powerful than the first, because it does not simultaneously
decrease the upconversion parameter. Thirdly, the influence of upconversion can also be
decreased by focusing to a larger pump-waist size.

Under Q-switched operation, where the pump intensity is less critical, all these methods can
be applied. When operating the system as an amplifier, a high pump intensity is essential for
efficient amplification. The pump beam cannot be defocused and a high-brightness pump source is
essential in order to apply one of the first two methods. Since no stable resonator has to be

established for the signal beam, the quenching of the storage time of the 4Fy; level by



Interionic upconversion processes from the 4F3,.-3 level and subsequent cascaded multiphonon
refaxation were found to te responsible tor a significant increase in heat generation in Nd:YLF
from 24% of the absorbed pump power under lasing conditions up to 52% under non-lasing
conditions, for a maximum absorbed pump power of 9.5 W. In Nd:YAG, corresponding values
are 25% and 40%, for 13.3 W of absorbed pump power. The additional heat load increases non-
linearly with pump power. Taking into account the unfavorable temperature dependence of the
thermal conductivity, this leads to an increase in temperature in Nd:YLF at the point of highest
pump absorption from 332 K under lasing conditions to 404 K under non-lasing conditions, when
setting the coolant temperature to 288 K. Corresponding temperature values in Nd:YAG are
342 K and 383 K, respectively. Owing to the spectral distribution of the diode pump power,
tuning of the diode emission wavelength may lead to a significant increase in temperature, stress,
and strain. Thus small changes in the overall absorbed pump power can lead to significantly
worsened risk of rod fracturs.

Thermal lens powers wzre calculated in Nd:YLF for the crystal a- and c-axis direction and for
7- and o-polarization under lasing and non-lasing conditions. For the a-axis, calculated results are
in excellent agreement with experimental data. The thermal lens power depends almost linearly on
pumnp power under lasing conditions. whereas, under non-lasing conditions, a strongly non-linear
behavior is measured ard calculated, caused by upconversion as well as the temperature
dependence of thermal and thermo-optical parameters. Thermal lens powers up to a factor of six
larger were observed under non-lasing compared to lasing conditions. The significantly weaker
thermal lensing for the crystal c-axis has as yet not been understood. The temperature dependence
of the thermal and thermo-optical parameters as well as the components of the strain and elasto-
optical tensors will have to be measured accurately and the thermally induced stress and strain will
have to be included in the simulation in order to provide a more detailed understanding of thermal
lensing in the YLF host.

In Nd:YAG, the observed increase in thermal lens power from lasing to non-lasing conditions
was only a factor of two because of the stronger linear decay rates and the smaller upconversion
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 temperature is larger and the



Appendix A: Parameters and Values

This appendix explains all -arameters which are relevant for the computer calculations and
provides all values used in the simulations.

In Table I, the data of the Nd:YLF and Nd:YAG crystals as well as the data of the pump
beams are summarized. Absorbed fractions of the launched pump power at low input power are
experimental data which arz reproduced in the calculations. Absorbed fractions at high pump
power are determined from the calculations and take into account ground-state bleaching. M?
values of the pump beah in the Nd:YAG experiment are averaged from the values measured
along the tangential and sagirtal planes.

Table 2 provides the spectral distribution of the diode pump power in the experiments
investigating Nd:YLF (upper 8 rows) and Nd:YAG (lower 5 rows). The temperature-stabilized
pump wavelengths are centered at Ap = 800.1 nm and Lp = 809.0 nm, respectively. The spectral
line widths are approximately A4 =3 nm. For the simulations, the spectral pump shape is assumed
to be Gaussian, and 8 (or 3) individual spectral parts centered at wavelength A(i) are calculated.
Also given are the fractioral power Py, 3y / Pin and the absorption cross-section ay 5 (jy of each
part, as derived from the spectrum of Fig. 2 (Nd:YLF) or from the corresponding spectrum of
Nd:YAG. If, in the Nd: YLF experiment, the diode is temperature-tuned by A4; = 0.2 nm toward
the absorption peak at 797 nm, the individual absorption cross-sections are shifted toward the
values a; 3 (j)- |

In Table 3, the spectroscopic parameters of Nd:YLF and Nd: YAG are presented. The intrinsic
lifetimes of upper and lower laser level are given in the Table. The lifetimes z; of the other excited
levels have been discussed in Ref. [10] for Nd:YLF and are assumed here as 7; ~ 20 ns for
Nd:YLF and Nd:YAG. The branching ratios fy; from the 4F;, upper laser level are calculated
from Judd-Ofelt data for the radiative transition rates in Nd:YLF [47] and Nd:YAG [48] and from
the fluorescence lifetime 7, »y.ith the procedure used in Ref. [49]. This procedure assumes that the
difference between the total intrinsic decay rate 74! and the sum of the radiative decay rates is
due to multiphonon relaxation into the next lower-lying level #l;5,. The nonradiatively emitted

fraction of the rate from the *F3 upper laser level into the next lower-lying level is given by 743,



from crystal via copper to water and 6.5 W K-! m2 for heat transfer from crystal to air in our
calculations.

The refractive index n. s taken from Rels. [23, 24, 39. 42]. Published data of the change n
refractive index with tempezature, n' = dn, / dT, at room temperature are 712], 7.2 [40], 7.5 [23,
39]. 8.3 [24], 8.9 [38], anc 9.86x10°6 K- [42, 21]. We use the value of Ref. [24], because this
Ref. provides temperature-dependent data, from which we calculate the value of n" = dn/'/ dT =
2.6x108 K2,

Room-temberature datz of the expansion coefficient ay' are 5.8 [33]. 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 8.9x10°0 K-! [54]. We use the
recently published value of Ref. [35], because this Ref. provides temperature-dependent data,
from which we calculate the value of the almost linear increase of ar' with temperature of at" =
day' | dT = 125x108 K- (cf. the value of 1.625x10°8 K2 derived from the data of Refs. [24,
39]). Published values of Poisson's ratio are 0.25 [35] and 0.30 [23].

In the model of Ref. [35], the expansion coefficient is proportional to the Griineisen parameter
and the specific heat which both depend on temperature. Since the Griineisen parameter increases
only slightly for temperaturzs appfoaching the Debye temperature Tp (750 K in YAG [37, 43)),
the temperature dependerc2 of the expansion coefficient is mostly determined by the temperature
dependence of the specific neat, which is given by the Debye function. At room temperature or
0.4 Tp, the Debye function increases with a slope of 1.4x103 K°!, in reasonable agreement with
the value of a7"/ at' = 19x10°3 K-! derived from the data of Ref. [35]. The remaining part can
be attributed to the temperature dependence of the Griineisen parameter. |

Values of the thermal conductivity in YLF [38], measured in a- and c-axis direction at room
temperature, of Ko, = 7.2 W/Km and K¢ = 5.8 W K-l mr!, respectively, are used in the
calculation (cf. the value of Ko =6 W K!' m! [2,23, 39, 55], with no ixldication of a dependence
on crystal axis given in those Refs.). Values of n' = dn /dT at T = 300 K, for the two crystal
axes in YLF, are n_/(Tg) = -4.3x10°0 K'! and n,,(Tg) = —2.0x100 K1 [2, 23, 38] (c.f. the values
of n,(Tg) = =3.0x10°8 K-! and n,(Ty) = —0.8x10 K- [55]). |

Several temperature-dependent data of YLF could not be found in literature. These values are

estimated from the corresponding temperature dependence in YAG and are denoted with an



The geometry of the spatial resolution is denoted by r = (x, y, 2), the space vector, r = (x. y),
its transverse part. x,(r), ¥,(r), and x5(r). y5(r). the inner and outer iransverse borders of the
spatial element, its lengths tx(r) = x4(r) — x4(r) and AW(r) = y5(r) = y1(r), 44z), the length of the
longitudinal element z, and Vol(r) = Ax(r) Ay(r) 44z), the volume of the spatial element at r.
AX (rr"), Ay (rr'), and A€ (=") are the distances between the centers of adjacent spatial elements

located at r and r'.

B.1. Rate Equations

The absorption coefficients a(;)(r) of the individual spectral parts i of the pump beam at

wavelength A(i) within the spatial element at r are
o (iy(r) = Op (i No(1), | (1

where Ny(r) is the population density of the ground state. The pump-beam radii in tangential and

sagittal resonator plane (with the waist radii ;. and wpg at the crystal front surface z = 0) are

given by

2
zMx,y lp

The/a Wpr/yO

Woy(2? = W00 * , )

The fraction py,(r) of the power of the Gaussian pump beam contained in the spatial element at r

compared with the total pump power in the longitudinal element z is

y5(r) n 2
jz ex;{ 22y }dy'. 3)
yl(r) wpy(z)

N X,(r) 9 2
pplr) = ~ j exp| — dx’
Tt Wk (2) Wpy(2) Jx () Wiox(2)
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dNs(r)/dt = Ros.(r\. - 157! Ng(r) — t57! Ns(n) (10)
ANJ(/dt = 15! Ner) = 14t Ng(r) = 2 (W) + Wy + W) Ng2(r) = SE(r) (1
dN(0/dt = By3 Ty Ng(0) =137 N3(r) + W) NgA(r) (12)
dNo(r)/dt = Bap Ty Na(r) + 137 N3(r) = 1o No(r) + W N42(r) (13)
ANJ(E)/dt = By st Ng(r) + 7 Np(®) =t I Ny(0) + W3 N42(r) + SE /(1) (14)

Ng

Yo NiCO). (15)

For the calculation of the stimulated-emission rate, the following considerations are made.
Thermal redistribution within the multiplets takes place instantaneously. Since the temperature
profile of the active material is calculated in the simulation, the Boltzmann distributions of upper
and lower Stark laser levels are considered with spatial resolution. The fraction py(r) of the
photon number of the Gaussian laser beam contained in the spatial element at r compared with the

total photon number in the longitudinal element z is

(1) 2 .
J‘2 exp(—zzy }dy'. (16)
Y1(r) le(Z)

In the low-gain approximation, the rate equation for the photon number ¢, in the resonator for

2 X’Z(r) -2 X.Z
) = : j exp| —5— | ¥
T w,(2) wly(z) x,(r) w1, (2)

n- and o-polarization, respectively, is given by

¢/ n m
dpyfdt = eo; Zz=l {Zx,yzl [P By ta™" Na(r) + SEo(0)] Vol(r) §
- {- m[Rf, Rf, (1—L)]} : P (17)

2 oot



Pth'y(r) = = Ke,at T(r) 842) Ax(r) [ATy(r' r)/ Ay(r'r) - ATy(rr") / AY(H-")] (22
Pip 2(7) = — Keat T(r)) Ax(r) Ay(r) [AT,(r'r) 1 AT (27) — AT (re'") / AT (z2Y] | (23)

and with eq. (20), the equation for the thermal conduction {56] reads

1

oT(r)/ot = m [Qu(r) + Py (1) + Pin,y(r) + Py o). (24)

Here AT(r'r) is the difference between the temperatures 7(r") and T(r) at the centers of two
adjacent spatial elements at r’ and r, respectively, in the direction (' — r) of the power Py(r) of
the thermal flux. The convention for the sign of AT(r'r) is such that power Py,(r) flowing into the
spatial element at r has a positive sign. At room temperature and above, the temperature

dependence of the thermal conductivity of a crystalline material is sufficiently well described by

the general law [36]
Kewa(T(r) = Oy, T0), (25)

where the parameter & depends on the host material and is usually in the range [1...2].
Experimental results for YAG (c.f. Refs. [22, 57] and Refs. in there) suggest 6= 1 around 300 K.
This value is also used as an approximation in our calculation for YLF. Radial convective cooling
by a water-cooled copper heat sink and convective air cooling at the rod end faces is assumed.

The radial and longitudinal boundary conditions are [20, 26, 56]

K
dT(r)/dn,, = E;—T—'(’%Z—@ [T(r) - Ty, - (26)
cay



i
wa

Here C, is a parameter varving in the range (0...1]. It takes into account that, if a transversely
localized temperature increase occurs, the heated element cannot freely expand in longitudinal
direction, because it is consirained by its colder surrounding.

The change in refractive index leads to the following contribution of the spatial element at r to

the optical path difference for radiation polarized in xt- or o-polarization [19, 20, 23, 26, 27]:
OPDy, 5/x(r) = N, Teo)) T(r) Al(2). 31
Since in the YLF experiment the longitudinal axis is one of the two a-axes of the crystal, the

contribution of the spatial element at r to the optical path difference induced by end-face bulging

is given by [19, 20, 23, 26. 27]
OPDy(r) = (i~ 1) (1 +v) ap, (T(1) T(r) M), (32)

with ap, from eq. (30). In the paraxial approximation, the transverse shape of the optical path

difference for a beam traveling in the longitudinal direction is calculated from eqgs. (31), (32), and

OPDgn(t) = 3., OPDy ga(r) + OPD(r). (33)

We fit a value of a spherical lens to each spacing between two transversely adjacent finite
elements in order to derive the thermal lens power with transverse resolution. A spherical thermal

lens at radial position r is described by the equations [58, 59]

dOPD/(r) = OPDqn(r) — Koy dr?/2, (34)

£ /(D) —r/[l?i dOPD /(1) /dr] = 1/ [2 kg )- . (3%)

fo1 are the focal lengths for 6- and n-polarization, respectively. [n contrast to the commonly used

equation flr) = —1/(¢4 d2OPD(r)ldr?), eq.(35) also describes the thermal lens correctly, if
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Table 2. Spectral distributions of the diode pump power in the experiments investigating Nd:YLF

(upper 8 rows) and Nd: YAG (lower 5 rows)

No. | A() | Pinrg)’ Pin Op,A(0) Cs (i)
[nm] (%] [1020 cm?] | [1020 cm?]
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 - 209 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 33 -
3 809.0 26 4.6 -
4 809.5 21 2.0 -
5 810.0 16 1.3 -




Table 4. Parameters of the laser transitions in Nd: YLF and Nd:YAG

Crystal

YLF YAG
Polarization n-pol o-pol Ref. Ref.
Upper Stark laser level 2 1 2
Lower Stark laser level 3 3 3
Wavelength 4; [nm] 1047 1053 1064
Boltzmann factor b4 (300 K) 0.427 0.573 0.384
Boltzmann factor 5, (300 K) 0.113 0.113 0.186
Eff. emission cross-section [10-19 cm?] | 1.9 14 | @ | 46 | 150
Atomic cross-section gy, [1071? cm?] 4.45 2.44 120 |
Degeneracy g4 2 2 2
Degeneracy g| 2 2 2
Fraction P 10t 1ot 10-11
Optical resonator length /., (mm] 136 136 Exp. 143 Exp.
Double-pass losses L [%] 1.0 1.0 1.8
Mirror reflectance in / out Rf [%] 100/90 | 100/90 | Exp. | 100/97 | Exp.
TEMy laser-beam radius +; [um] 300 500 Exp. 200 Exp.
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Table 6. Values of the parameters used for the calculation of the temperature profiles and thermal

lenses in YLF and YAG. Tre temperature dependence 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

Ke (300 K) (WKt m!) 5.8 7.2 [38] 12 averaged
T-independent @ [W m’!] 1740 | 2160 3600

Temp. of radial heat sink T, [K] 288 Exp. 288 "Exp.
Transfer coeff. Cu K, (W m2] 1x10% Ix104 | [20,26,27]
Temp. of long. heat sink Ty, [K] 293 Exp. 293 Exp.
Transfer coeff. air K¢, [W m2) 6.5 6.5 [52]
Refractive index n, 1.470 | 1.448 [23,39] 1.82 | [23,24,39,42]
dn/dT = n; (300 K) (106 K1) 43 -2.0 [2,23,38] 8.3 (24]

dn /dT = n" 108 K2] -13% 1 -063"7 26 (24]
Expansion coeff.

ar (300 K) [10°6 K1 8 15 |[2,23,38,39] [ 5.8 [35)
dag/dT = ap" [108 K2 1.73° | 2.82° 1.25 [35]
Scaling factor C, 0.35 0.35

Poisson's ratio v 0.33 [23,39] 0.25 [35]
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Fig. 5. Calculated thermal power dissipated in the whole crystal versus absorbed pump power
under non-lasing and lasing conditions for Nd:YLF (thick lines) and Nd:YAG (thin lines). The
data under non-lasing corditions are not directly comparable, because the pump-waist areas are
340 um x 220 pm in Nd: YLF and 225 um x 225 um in Nd: YAG, leading to a different influence

of upconversion under non-lasing conditions.

Fig. 6. Calculated temperature profiles for Nd: YLF versus sagittal radius (pump-beam radius Woy0
= 220 um, laser-beam radius w;, = 300 pm) under (a) non-lasing and (b) lasing conditions. The
radial boundary given by the rod radius is r, = +2 mm. Owing to convective radial cooling by a

water-cooled copper block the temperature at the boundary is elevated from the radial coolant

temperature of Tj, = 288 K by a few K.

Fig. 7. Nd:YLF: (a) Dioptric power of the thermal lens versus incident pump power along the
crystal a-axis and (b) variation of dioptric power (spherical aberration) of thermal lensing versus
radius along the crystal a-axis at the highest incident pump power of 12 W: experimental data
(solid symbols), taken from Ref. [11], and calculated data (open symbols), in 6-polarization under

non-lasing (squares) and lasing (triangles) conditions as well as in n-polarization under non-lasing

(diamonds) and lasing (circles) conditions.

Fig. 8. Nd:YAG: (a) Dioptric power of the thermal lens versus incident pump power and (b)
variation of dioptric power (spherical aberration) of thermal lensing versus radius at the highest
incident pump power of 14.2 W: experimental data (solid symbols), taken from Ref. {16], and

calculated data (open symbols), under non-lasing (squares) and lasing (triangles) conditions.



Figure 2 M. Pollnau et al. Phys. Rev. B

790 795 800 805
Wavelength [nm]



Figure 4 M. Pollnau et al. Phys. Rev. B .

-—
- T

00 Ee=sommr . |
0 100 200 300 400 500
Tangential Radius [pm]




Figure 6 a) M. Pollnau et al. Phys. Rev. B

4101
390+
370
350-
330+
310+
290-
. > 200 950 goq
Sagittal Radius [pm]

Temperature [K]




Figure 7 a) M. Pollnau et al. Phys. Rev. B

Dioptric Power [m'1]
A

-
o
|

| )
-12 — .
0 2 4 6 8 10 12
Incident Pump Power [W]




Figure 8 a) M. Pollnau et al. Phys. Rev. B

50

- 40 +

Dioptric Power [m
N oY)
o o

-t
o

o

.....

0 3 6 9 12 15
Incident Pump Power [W]



