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Abstract

André Richter: Laser parameters and performance of Pr3*-doped fluorides operating in
the visible spectral region

This work deals with the fabrication and characterization of the Pr3*-doped fluoride crys-
tals LiYFy, LiLuFy, BaY,Fg, and KY3Fg. The crystals were grown by the Czochralski
method in the facilities in Hamburg and Pisa and feature optical quality sufficient for
efficient laser oscillation. First steps of optimization of the growth facility in Hamburg
were performed successfully in the framework of this thesis.

Room temperature optical spectroscopy revealed efficient cross-relaxations between the
dopant ions in all investigated fluoride materials. Modelling of the decay curves of the 3P,
energy state discovered a mixture of exchange induced and dipole-dipole induced interac-
tions resulting in fast quenching processes. Typical interaction distances were estimated
to be 9 A in case of exchange and 70 A in case of dipole-dipole interaction.

Detailed low temperature studies of LiYF, and LiLuF, revealed more than 5 ion classes.
Besides the Pr®*-ions on regular Y3 /Lu®T-sites, a second ion class which is not subject
to cross-relaxation processes has been found. It corresponds to an irregular lattice site.
Investigations of different dopant concentrations discovered clustering of Pr3*-ions even
at low concentration levels. Additionally, Pr®T-ions performing efficient energy transfer
were found. These ions contribute strongly to the population of the energy level D,
under 3 Py-excitation.

Pr3t-laser experiments were performed in continuous wave and Q-switched operation.
In continuous wave mode, slope efficiencies of 0.56 were obtained from longitudinally
pumped Pr3*-doped fluoridic crystals under optically pumped semiconductor laser exci-
tation. These were the highest slope efficiencies reported for Pr3*-doped fluorides so far.
At an absorbed pump power of 1.4 W, laser output powers of 600 mW were obtained in
the green and red spectral range, while the orange transition features reduced output
powers and efficiencies. From spectroscopic investigations a reabsorption processes at the
corresponding laser wavelength could be clearly identified. Intracavity second harmonic
generation of the laser radiation at ~ 640 nm resulted in generation of continuous wave
UV radiation at 320nm for the first time. Up to 360 mW of UV radiation could be
achieved with a conversion efficiency of 0.61 and an overall optical-to-optical efficiency of
0.22. Active Q-switching experiments resulted in pulse energies of ~60nJ at pulsewidths
of 108ns. They represent the first reported data of an actively Q-switched Pr3*-laser
operated on a visible laser transition.

In the framework of this thesis GaN laser diodes pumping of Pr3*-lasers was demonstrated
successfully for the first time. Up to 208 mW of output power and slope efficiencies of
0.46 could be demonstrated at the 640 nm laser transition. In case of Pr3*:LiYF,, about
70mW in the green, 40 mW in the orange, 185 mW in the red, and 135mW in the near
infrared spectral region were demonstrated for the first time. By intracavity frequency
doubling more than 42 mW of UV radiation at 320 nm were obtained from the GaN-based
laser diode pumped Pr3*:LiLuF,-laser.



Kurzfassung

André Richter: Laserparameter und -charakterisierung Pr3*-dotierter Fluoride im sicht-
baren Spektralbereich

Die Arbeit beschiftigt sich mit der Herstellung und Charakterisierung Pr®*-dotierter
LiYF4-, LiLuF,-, BaY,Fg- und KY;3F o-Kristalle. Diese wurden nach der Czochralski-
Methode in Hamburg und Pisa hergestellt und wiesen eine fiir Laserexperimente aus-
reichende optische Qualitiat auf. Erste Optimierungsschritte der Kristallzuchtanlage in
Hamburg wurden im Rahmen dieser Arbeit erfolgreich durchgefiihrt.

Spektroskopische Untersuchungen bei Raumtemperatur weisen auf effiziente Kreuzrelax-
ationsprozesse zwischen den Pr3*-Tonen hin. Unter der Annahme, dass der Energietrans-
fer sowohl auf dipol-dipol Wechselwirkung als auch auf Austauschwechselwirkung basiert,
konnten die effektiven Wechselwirkungsreichweiten abgeschéatzt werden. Diese belaufen
sich auf 9 A im Falle der Austauschwechselwirkung und 70 A im Falle der elektrostatischen
Wechselwirkung.

Im Rahmen detailierter Tieftemperaturuntersuchungen an LiYF, und LiLuF,; wurden
mehr als 5 Ionenklassen entdeckt. Neben dem reguldren wurde ein weiterer Gitterplatz
gefunden, auf dem Pr®**-Ionen bei 10 K keine Kreuzrelaxationen zeigen. Dieser weist je-
doch eine gestorte Symmetrie auf. Messungen an Konzentrationsreihen deuten auf Clus-
tereffekte fiir lonen auf diesem Gitterplatz selbst bei geringen Konzentrationen hin. Eine
weitere Klasse von Pr3*-Ionen, zwischen denen effizienter Energieaustausch stattfindet,
konnte nachgewiesen werden. Diese trigt zur Besetzung des !Dy-Zustandes unter 2 Py-
Anregung bei.

Laserexperimente wurden im Dauerstrich- und giitegeschalteten Betrieb durchgefiihrt. Im
Dauerstrichbetrieb konnten differentielle Wirkungsgrade von bis zu 0.56 unter Anregung
mit einem optisch gepumpten Halbleiterlaser erzielt werden. Diese stellen die hochsten
erreichten Wirkungsgrade direkt gepumpter Pr3*-dotierter Fluoride dar. Bei einer ab-
sorbierten Leistung von 1,4 W konnten auf den Laseriibergéngen im griinen und roten
Spektralbereich bis zu 600 mW erreicht werden, wogegen der Ubergang im orangefarbe-
nen Spektralbereich eine geringere Effizienz aufwies. Spektroskopische Untersuchungen
zeigen einen Reabsorptionsprozess auf dieser Laserwellenlange. Resonatorinterne Fre-
quenzverdopplung der 640 nm-Strahlung ermoglichte erstmals die Erzeugung von UV-
Strahlung im Dauerstrichbetrieb bei 320 nm. Bis zu 360 mW konnten mit einer Konver-
sionseffizienz von 0.61 und einer optisch-zu-optischen Effizienz von 0.22 erzielt werden.
Erstmalig durchgefiihrte Experimente zur aktiven Giiteschaltung ergaben fiir den Laser-
betrieb bei 640 nm Pulsenergien von ~ 60 n1J bei einer Pulsdauer von 108 ns.

Im Rahmen der Arbeit konnten erstmals auch GaN-Laserdioden erfolgreich zur Anregung
von Pr3*-Lasern eingesetzt werden. Fiir den roten Laseriibergang wurden ein differen-
tieller Wirkungsgrad von 0.46 und Ausgangsleistungen von 208 mW erzielt. Im Falle
von Pr3t:LiYF, wurden 70 mW im griinen, 40 mW im orangefarbenen, 185 mW im roten
und 135mW nahen dem infraroten Spektralbereich unter Laserdiodenanregung gezeigt.
Mittels resonatorinterner Frequenzverdopplung sind im Dauerstrichbetrieb 42 mW UV-
Strahlung bei 320 nm mit einem Pr3*:LiLuF4-Laser erreicht worden.
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1 Introduction

In the beginning of the 20th century, several scienists investigated the nature of light and
matter as well as the interaction between these two fundamental components. With the
help of the quantum theory several aspects in this field could be explained in a sufficient
way. Based on this theory Einstein predicted the realization of lasers! in 1916 [Einl6].
However, it was more than 40 years later when Maiman demonstrated laser oscillation
for the first time [Mai60]. He used a flashlamp as pump source for a ruby (Cr3*:Al,03)
laser rod. Soon afterwards, other transition metal ions as well as rare earth ions were
investigated with respect to their laser performance. While the transition metal ions offer
a wide laser tunability range of several hundreds of nanometers, the optical transitions
of rare earth ions feature spectrally narrow optical transitions. With the development
of laser diodes (LDs) of suitable wavelength, highly efficient and compact diode-pumped
solid-state lasers (DPSSLs) could be realized.

The trivalent praseodymium ion (Pr®") offers several transitions in the visible spectral
range from blue to near IR. Thus, with Pr3*-lasers operated at visible transitions, it is
easy to achieve UV radiation only by a single step of second harmonic generation (SHG),
making these lasers interesting for several biotechnological and medical applications. The
fundamental radiation in the visible spectral range is interesting for display applications,
too. While the first Pr3*-based laser was a flashlamp pumped Pr3*:CaWO, under cryo-
genic temperatures [Yar62], Pr3*-lasers to date oscillate at ambient temperatures and the
flashlamps are substituted by laser systems. Direct pumping of Pr3*-lasers operating at
room temperature was realized with Ar-ion lasers or the radiation obtained by intracavity
SHG of a Nd*>":Y3Al50;, laser operated at the ground state transition [San94b, Heu99].
These pumping systems did not match the absorption lines of Pr3* well and thus resulted
in moderate efficiencies. Furthermore, the pump sources were bulky or complex. Suitable
laser diodes based on GaN emitting in the blue spectral region are commercially available
since about 2003. Just one year later, a GaN-LD-pumped Pr3*-laser was realized for the
first time by our group [Ric04b]. These laser diodes enable quite cheap and compact laser
set-ups as well as improved efficiencies. A second option for even higher efficiencies are
frequency doubled optically pumped semiconductor lasers (OPSLs) operating at suitable
wavelengths.

This work deals with the fabrication, spectroscopic investigations and laser performance
of Pr*"-doped fluoride single crystals. The first chapter deals with the crystal growth
process by the method of Czochralski. Besides the discussion of the challenges of crystal
growing, detailed physical properties of the fluoride materials will be given herein. The

'LASER: light amplification by stimulated emission of radiation
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next chapter focuses on the spectroscopic investigations performed both at room temper-
ature and cryogenic temperatures of 10 K. Different mechanisms regarding microscopic
energy transfer between adjacent Pr3*-ions will be discussed and evaluated. The last
chapter contains the results of the performed laser experiments. The Pr3*-laser perfor-
mance under OPSL-pumping and GaN-LD pumping will be presented both in continuous
wave and Q-switch mode. Furthermore, the experiments and results from intracavity
second harmonic generation will be discussed. To conclude, a summary and an outlook
will be given.



2 Crystal Growth

This chapter focuses on the crystal growth of Pr3T-doped fluoride single crystals. In
Section 2.1 the growth process and the Czochralski growth setup used in this work is
described while structural and optical properties of the crystalline materials will be pre-
sented in Section2.2. Afterwards, some challenges which occurred during the crystal
growth process will be highlighted and possible solutions will be discussed in Section 2.3.
Finally, a summary will be given in Section 2.4. Further details of the Czochralski growth
process can be found in the book by Wilke and Bohm [Wil88].

2.1 The Crystal Growth Procedure

Weighting and Prefluorination

In the beginning of the crystal growth procedure, the raw materials, usually 4N or 5N flu-
oride powders, are weighted according to the stoichiometry of the crystalline material and
subsequently mixed in ambient atmosphere. This mixture is treated by a pre-fluorination
process.

Using prefluorinated materials has several advantages. First of all, the amount of oxygen
impurities is reduced significantly. Secondly, the mixed powders have already reacted and
exhibit a polycrystalline structure of the desired material. Thus improved handling condi-
tions are achieved in this way, because the desired structures are generally not hygroscopic
in contrast to some of the starting materials like potassium fluoride (KF). And at last, the
surface-to-volume ratio is reduced leading to a smaller amount of contaminations during
the following steps. Thus, an increased crystal quality can be expected.

The pre-fluorination process takes place in a set-up consisting of two connected furnaces.
A bowl made of glassy carbon and filled with the mixed powders is placed in the main
furnace, while the auxiliary furnace contains a crucible filled with 12 g of potassium hy-
drogen fluoride (K HFy). The main furnace is evacuated to 5-1072 mbar and subsequently
filled with a 5N nitrogen atmosphere. Finally a constant gas flow of Ny of 61/h is set.
This gas flows from the inlet through the auxiliary furnace, the main furnace and through
an aqueous solution of sodium hydroxide. Then, the main furnace is heated up to the
melting point of the desired crystalline material and the auxiliary furnace slightly below
the decomposition temperature of K H F; of about 400°C. When the main furnace temper-
ature reaches the melting point, the auxiliary furnace is heated up slightly above 430°C.
Now, K HF, decomposes according to
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and HF gas is produced. The gas is transported by the nitrogen gas flow into the main
furnace and reacts with any metal oxide (M5O, MO, M503) compounds within the melt
forming the corresponding fluoride compounds and water, that is for example:

MO +2HF — 2MF + H5O (2.2)

In an aqueous solution of sodium hydroxide the excess HF molecules are neutralized as
follows:

HF(g) + N&OH(aq) — NaF(aq) + H,O (2.3)

After 4 hours the prefluorination process is terminated, both furnaces are cooled down to
ambient temperatures and the prefluorinated materials are removed from the furnace.

Crystal Growth

After the pre-fluorination process, the crystal growth process can be started. Figure 2.1
shows the setup used for growing fluoride single crystals by the Czochralski method. It
consists of a conical crucible with 35mm outer diameter and 38 mm in height, placed
in a larger crucible (49mm in height, 50 mm in diameter), which is filled with 2-mm
diameter pellets for thermal insulation. The crucibles and the pellets are made of glassy
carbon. This crucible system is mounted on a carbon-made pedestal. A carbon heat
shield placed on top of the inner crucible completes the growth setup. The RF-coil
surrounding the crucibles provides the power for heating the outer and inner crucible
as well as the materials in the inner crucible. Due to the weak electric conductivity of
carbon (o0¢=1.28x10°S/m, [ECTI]) the skin depth is § ~3.8 mm and the RF field is not
significantly reduced by the 1.85 mm thick walls of the outer crucible. The remaining RF
power is coupled into the inner crucible and heats the materials inside. A nickel wire is
used as seed.

Prior to each growth run, the furnace with the prepared growth setup is evacuated to
6-10~2 mbar and filled twice with 5N argon gas slightly above standard atmospheric pres-
sure. This procedure results in an oxygen partial pressure below 1072 mbar. During the
crystal growth run, the prepared Argon atmosphere slightly above standard atmospheric
pressure remains in the chamber. In the next step, the fluoride materials are heated to
the melting point. Then, the seed wire is lowered close to the melt surface to adjust the
temperature of the wire. After 20 minutes, the wire, rotating with 9rpm, is dipped into
the melt to initiate the process of crystallization. In case of crystallization, the rotating
wire is pulled up with a pulling speed of 0.85 mm/h. The amount of crystallizing material
is controlled by manually adjusting the melt temperature. Carbon contaminations on the
melt surface induce a locally distorted temperature profile. Because of these conditions,
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? Seed/Wire
Crystal

Carbon Heatshield
Crucible (Glassy Carbon)
RF-Coil
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Pellets (Glassy Carbon)

— B Pedestal

000

Figure 2.1: Schematic set-up of the Czochralski growth apparatus (modified from [Hen01])

the first part of the grown crystal is polycrystalline and features a large diameter. By in-
creasing the melt temperature, the diameter is reduced until grain selection leads to single
crystalline growth. Now the melt temperature is reduced again to increase the diameter,
resulting in a bottleneck-shaped structure. When the desired diameter is reached, the
thermal conditions are carefully adjusted to obtain a constant diameter of the crystal.
After growing a certain amount of material, the growth procedure is stopped by removing
the grown crystal from the melt. To reduce thermal stress in the grown crystal, the tem-
perature is reduced slowly. After 4 hours ambient temperature is reached and the growth
chamber is evacuated to 6-1072 mbar and refilled with argon gas once again so that all
fluoride compounds existing in the gas phase are removed.

Figure 2.2: As-grown Pr(0.45at.%):LiLuF4-crystal boule
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LiYF, LiLuF4 BaYsFyg KY3Fqq
Growth location Hamburg | Hamburg (Pisa) Pisa Hamburg (Pisa)
Initial melt composition LiF-YF;4 LiF-LuF3 BaFs-YF3 KF-YF3
(mol%) 53%-47% 50%-50% 33%-67% 25%-75%
Melting point 7,,,(°C) 830 850 960 1030
Melt specification incongruent congruent congruent congruent
Rotation speed (rpm) 9 9 (5) 5 10 (5)
Pulling speed (mm/h) 0.85 0.85 (1) 0.5 0.85 (1.00)

Table 2.1: Material and growth parameters applied for growing of fluoride crystals by the
Czochralski method ([Tho61, Sob82, Har83, Cha93])

Figure 2.2 shows a photograph of a grown Pr3*(0.45at.%):LiLuF, single crystal. The
shape results from the procedure described above.

Table 2.1 shows the melt and growth parameters used for the different growth runs as
well as their thermal properties. The BaY,Fg crystals were provided by the University
of Pisa. Both KY3F;p- and LiLuFy-single crystals were grown in Hamburg as well as in
Pisa.



2.2 Crystal Structures
2.2 Crystal Structures

In general, fluoride crystals offer low phonon energies compared to oxide crystals result-
ing in lower nonradiative decay rates induced by lattice vibrations. Another advantage
of fluoride crystals for laser applications is the negative refractive index change with in-
creasing temperature which partially compensates the thermal lensing during high power
laser operation and thus partially preserves the beam quality. This section summarizes
important properties of the host crystals investigated in the context of this work.

2.2.1 Lithium-Yttrium-Fluoride

Lithium-Yttrium-Fluoride (LiYF, or YLF) is a well-known fluoride host crystal for laser
applications. It is commercially available and can be doped with various rare earth ions.

Room temperature laser oscillation of several rare earth ions in this host was demonstrated
to date [Ehr79, Gra93, Jen96].

Crystal system tetragonal
Space group I4,/a
(SchonflieB) (CS,)
Site symmetry of Y3+ Sa
Formula units per unit cell Z 4
Lattice constants (A) a = 5.160

¢ = 10.850
Coefficient of thermal 13.3 x 107° along @
expansion o (K1) 8.3 x 107% along ¢
Thermal conductivity k& (W/(m-K)) 6
Refractive indices (A = 639.5nm) ne = 1.453

ne = 1.475
on (K1) ~4.3x 107 (E||a)

—2.0 x 107% (E|C)

Effective phonon energy hiweg (cm™!) 460
Density p (g/cm?) 3.99
Mohs hardness 4-5

Table 2.2: Structural and optical properties of YLF [Tho61, Sve88, Kam93a, Zha94|

Table 2.2 gives some structural and optical parameters of this fluoride crystal. YLF forms
a tetragonal crystal with the CaWQ, (Scheelite)-structure (Space group 14;/a). The
unit cell is shown in Figure2.3(a). Trivalent rare earth dopant ions typically substitute
the Y3*-ions in this material. Each Y3*-site is surrounded by 6 fluorine ions forming
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Figure 2.3: (a) Sketch of the unit cell of YLF with the polyhedron defined by the sur-
rounding fluoride ligands of an Y**-ion is highlighted [Tho61]. (b) The phase
diagram of the binary system LiF-YF3 [Tho61].

an octahedron. However, Burkhalter mentioned the formation of lattice distortions by
microtwinning! in undoped YLF single crystals [Bra91, Bur01]. In contrast to a single
site for rare earth dopant ions, Barthem reported on Nd3*-ions occupying different sites
in this host material observed in low temperature optical measurements [Bar86]. This
can be explained by comparing the different ionic radii of the rare earth dopant ions (Rp,
= 1.14A) and the regular lattice ion Y** (Ry = 1.04A) [Kam90]. The incorporated
rare earth ions induce local stress in the crystal lattice. For stress compensation, lattice
defects are produced in the surroundings and clustering of the dopant ions may occur,
resulting in a variety of distorted lattice sites. A second consequence of the different
ionic radii is the effective segregation coefficient? k.g. Microprobe measurements at the
University of Hamburg as well as I[CP-OES3-measurements in Berlin at the Institut fiir
Kristallzlichtung (IKZ) resulted in a value of 0.22.

Figure 2.3(b) displays the phase diagram of YLF. Due to incongruent melting behaviour,
crystal growth of YLF by the Czochralski method is performed with a slight shift in
stoichiometry to avoid YFs-inclusions in the grown crystal. The starting composition is
the peritectic one with YF3:LiF = 47:53. As can be seen in the phase diagram, the growth

!'Microtwinning denotes the formation of microscopic crystallites by a reflection or a rotation of the
surrounding crystal structure

2The segragation coefficient is defined as the ration between the concentration of a component in the
solid material ¢ and the concentration of the same component in the liquid phase c): keg := %

3ICP-OES: inductively coupled plasma optical emission spectroscopy
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temperature must be changed from 850°C in the beginning to 709°C due to the shift of
the melt composition during growth. When the eutectic point at 709°C is reached, LiF is
incorporated into the YLF single crystal reducing the optical and structural quality. At
this point, the growth process is terminated.

YLF single crystals feature a large anisotropy. Thus, the cross-sections of absorption and
emission are polarization dependent, favouring polarized lasers as pump sources. The re-
sulting laser emission from Pr3T:YLF crystals is strongly polarized as well. Polarized laser
radiation is necessary for several nonlinear processes such as second harmonics generation

(SHG).

2.2.2 Lithium-Lutetium-Fluoride

Lithium-Lutetium-Fluoride (LiLuF, or LLF) single crystals are isomorphic to YLF result-
ing in comparable structural and optical properties. Some of them are listed in Table 2.3.

Crystal system tetragonal
Space group 14, /a
(SchonflieB) (CS)
Site symmetry of Lu3* S4
Formula units per unit cell Z 4
Lattice constants (A) a=5.123
c = 10.520
Thermal conductivity k& (W/(m-K)) 6
Refractive indices (A = 632.8nm) n, = 1.468
ne = 1.494
Effective phonon energy fiweg (cm™) <450
Density p (g/cm?) 6.186
Mohs hardness 3.5-45

Table 2.3: Structural and optical properties of LLF [Kam93b, Web03]

LLF features a slightly smaller lattice constant, higher indices of refraction as well as a
higher mass density. In analogy to YLF, trivalent rare earth ions enter the Lu3*-sites in
LLF (Figure2.4(a)). In case of 6-folded coordination, Lu®* -ions posess an ionic radius
of 1.00 A. Thus, large ions like Pr*t are most likely inducing more stress to the lattice
structure of LLF than of YLF. Additionally, the difference in the ionic radii affects the
segregation coefficient kez as well: For Pr3t in LLF, the value is in between 0.1 and
0.2. The Pr*T-concentration in these samples was measured by ICP-OES and by AAS?,
respectively.

4AAS: atomic absorption spectroscopy
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Figure 2.4: (a) Unit cell of LLF. The polyhedron composed by the fluoride ligand locations
of a Lu**-ion is highlighted [Kam93b]. (b) Phase diagram of the LiF-LuF3
system [Har83].

Concerning the crystal growth by the Czochralski method, LLF has some advantages in
comparison to YLF. Figure 2.4(b) shows the phase diagram of the system LiF-LuF3. The
melting temperature of LLF is 830°C at a stoiciometric melt composition. LLF exhibits a
clear monotectic melting behaviour which favours the growth of LLF single crystals with

high optical quality, because during the growth run no shift in the stoichiometry of the
melt occurs.

2.2.3 Barium-Yttrium-Fluoride

Rare earth doped Barium-Yttrium-Fluoride (BaYyFg or BYF) single crystals as active
laser media have been demonstrated several times [Joh74, Kam86]. Because of the mono-
clinic crystal structure this optically biaxial crystal is not as widespread as YLF. A brief
overview of the properties is given in Table 2.4.

Figure 2.5(a) shows the unit cell of BYF, which contains 2 formula units. Rare earth
dopant ions substitute the Y3*-ions in the lattice. The polyhedron of the Y3*-ligands
exhibits a low level of symmetry and consists of 10 fluorine ions. The ionic radii of Pr3*
and Y?" could not be found for this coordination number. However, according to the

segregation coefficient kg of 0.4 to 0.5, their ratio is certainly closer to one than in case
of YLF.

According to the phase diagram given in Figure 2.5(b), BYF melts congruently at a tem-
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2.2 Crystal Structures

Crystal system monoclinic
Space group C2/m
(SchonflieB) (03)
Site symmetry of Y3* Co
Formula units per unit cell Z 2
Lattice constants (A) a = 6.935
b = 10.457
c =4.243
3 = 99.4°
Coefficient of thermal 17 x 1076 along @
expansion a (K1) 18.7 x 1075 along b
19.4 x 107° along ¢
Thermal conductivity & (W/(m-K)) 6
Refractive indices (A =632.8 nm) ny = 1.5142
ny = 1.5232
n, = 1.5353
Phonon energy fw.g (cm™!) 350
Density p (g/cm?) 4.97 - 5.806
Mohs hardness 4-5

Table 2.4: Structural and optical properties of BYF [Gui93, Ton99, DeS00, Web03]

perature of 960°C enabling the growth of large boules with high optical quality. BYF
combines some beneficial properties for laser host materials: a low phonon energy which
practically disables phonon-induced nonradiative decay, narrow and strong polarized emis-
sion and absorption bands as well as a good capability for growth of high quality single
crystals with high dopant concentrations.

2.2.4 Pottassium-Yttrium-Fluoride

Potassium-Yttrium-Fluoride (KY3F;o or KYF) single crystals form a Fluorite-type cubic
lattice. The unit cell, which is displayed in Figure 2.6(a), consists of 8 formula units in
a volume of (11.536 A)3. Rare earth ions replace Y>*-ions, which are surrounded by 8
fluorine ions forming antiprisms. One antiprism is shown in Figure 2.6(a) as well. Due to
the different ionic radii of Pr®+ (1.28 A) and Y3+ (1.16 A), the segregation coefficient keg
differs from one. It was determined by ICP-OES- and AAS-measurements to be k.g = 0.5.
Recent structural and optical investigations on Pr3":KYF revealed a partially disordered
structure [Bra07].

The phase diagram of the binary system KF-YFj is displayed in Figure 2.6(b). KYF melts

11
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Figure 2.5: (a) View at the unit cell of BYF. The polyhedron defined by the surrounding
fluoride ligands of an Y3*-ion is marked [Gui93]. (b) Phase diagram of the
system BaFy-YF3 [Sob82].

congruently at a temperature of 1030°C and does not feature any phase transition below
the melting point. The growth of large single crystalline boules of KYF with high optical
quality is feasible.

KYF is a promising host material for diode pumped solid state lasers (DPSSLs), be-
cause optical absorption and emission have a broad band structure and are polarization-
independent. Simultaneously, the peak cross-sections are reduced in comparison to the
single crystalline materials discussed before.
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2.2 Crystal Structures

Crystal system cubic
Space group Fm-3m
(SchonflieB) (C3)
Site symmetry of Y3+ Cav
Formula units per unit cell (Z) 8
Lattice constant (A) a = 11.536
Coefficient of thermal expansion o (K™1) | 1.45 x 107°
Refractive index n (A = 600 nm) 1.4856
Effective phonon energy fiweg (cm™1) 420
Density p (g/cm?) 4.312
Mohs hardness 4.5

Table 2.5: Structural and optical properties of KYF [Pie74, Mor82, Abd87, Web03]
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Figure 2.6: (a) Unit cell of KYF. The polyhedron defined by the surrounding fluoride
ligands of an Y®T-ion is highlighted. [Pie74] (b) Phase diagram of the binary
system KF-YF3 [Abd87]
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2 Crystal Growth
2.3 Improvement of the Crystal Growth Setup

Crystals for laser applications need to fulfill certain structural requirements leading to an
enhanced optical quality of the material. Thus, it is crucial to suppress the generation
of grain boundaries, bubbles, cracks, stress, and inclusions of different phases inside the
crystal boule. To achieve an enhanced quality, the crystal growth procedure, the crystal
growth setup, and the different material specifications have to be considered.

In the following paragraphs several challenges of the crystal growth process and their in-
fluence on the crystal quality will be discussed. A more detailed overview of the difficulties
of crystal growth can be found in the book by Wilke and Bohm [Wil88].

2.3.1 Cracking of Single Crystalline Material during the Growth
Process

Single crystalline material may crack along the growth axis beginning a few millimeters
above the crucible edge. The reason for this behaviour is a high thermal gradient of a few
hundreds of centigrades per centimetre above the crucible. This leads to thermal stress
and induces cracking along the growth axis. Using an appropriate passive heat shield
the axial thermal gradient can be reduced to approximately 80 Kcm™. Application of
an active heat shield reduces the gradient even more. Klimm has estimated a thermal
gradient of only 30 K cm™ using an afterheater system [K1i00]. In the setup used in this
work, a carbon heat shield (cf. Figure2.1) was mounted on top of the inner crucible,

which led to uncracked single crystals.

2.3.2 Impurities on the Surface of the Melt

Carbon particles contaminate the surface of the melt at the beginning of the growth
procedure. Because these particles support polycrystalline growth if they get into con-
tact with the growing crystal, seeded crystal growth is almost impossible. The different
carbon-made compounds of the growth setup produce the contaminating particles. The
minority is caused by those compounds made of glassy carbon. To reduce the carbon con-
taminations, the whole set-up might be modified by using glassy carbon components only
or platinum components. Furthermore, an additional cleaning process would enhance the
growth conditions. For example, Bensalah et al. remove the carbon particles after a first
melt run in the growth chamber [Ben04]. In this case, the contaminations are already
on top of the the solidified material and are easily scraped off. The crystal growers from
Pisa remove the contaminations prior to crystal growth by dipping a platinum net into
the melt which collects the carbon particles at the surface of the melt. After purification,
the net is exchanged by the seed crystal and the crystal growth process is initiated.

Additionally, solidified material accumulates on the surface. This material begins melting
at slightly higher temperatures. The nature of the solidified material is unknown. Pos-
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2.3 Improvement of the Crystal Growth Setup

sible reasons might be the temperature profile at the upper corner of the crucible or the
formation of hydrogenated or oxidized fluoride compounds due to remaining contamina-
tions of water vapour or oxygen in the atmosphere. Water vapour contaminations might
be removed by heating the crucible while evacuating the growth chamber [Pam75]. This
procedure is mentioned in the paper of Bensalah [Ben04]. In case of YLF, the temperature
was set to 700°C for 12 hours. Further improvements in reducing the content of water
vapour in the growth atmosphere can be achieved by insertion of P;O5 in the growth
chamber during a growth run.

Regarding both challenges, a compromise was made in this work. To remove the impuri-
ties, a polycrystalline, cap-like shape was grown at the beginning. This cap collects almost
all contaminations (carbon particles as well as unwanted oxyfluoride materials) and leaves
excellent growth conditions for single crystalline material behind. This approach prevents
on the one hand oriented crystal growth, but on the other hand shortens the time of the
whole growth procedure.

2.3.3 Evaporation of Melt Compounds

After a certain number of crystal growth runs white powders cover the interior of the
chamber and the components. It is most likely that the white powders are volatile com-
pounds like LiF which evaporate from the melt surface at the border of the crucible
during the growth process [Kl1i00]. This evaporation process affects the melt composition
by changing the stoichiometry. Thus, generation of inclusions of different phases in the
crystal are observed during the growth process (see next section). To reduce the amount
of evaporating raw materials, the time of ’overheating’ must be reduced. This results in
smaller shifts of the melt composition. For compensation, the initial melt composition
can be adjusted accordingly. In this way, the optimal stoichiometry is established during
the growth process. LiF-evaporation during growth was considered by adding (1-2) mol.%
of LiF in excess to the starting compounds.

2.3.4 Macroscopic Defects

At a certain point of the growth process of Pr-doped YLF and LLF, inclusions appear.
Parasitic phases begin to crystallize in the core region and increase in diameter until
reaching the surface, forming a pine tree shape as shown in Figure 2.7.

This process is the result of constitutional supercooling. Constitutional supercooling was
first reported by Rutter [Rut53] and predominantly occurrs in melts containing a com-
ponent with kg < 1. Figure2.8(a) and (b) shows the concentration profile ¢(z) of the
component as well as the melt temperature profile 7%(z). The index L denotes the liquid
phase, Ly denotes the conditions at the crystal interface and L., denotes the conditions
far away from the interface region. Due to the low segregation coefficient, PrF3 is accumu-
lating in front of the crystal interface leading to the concentration distribution depicted in
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2 Crystal Growth

Figure 2.7: Photograph of the cross-section of a single crystal featuring constitutional
supercooling

Figure 2.8(a). As a consequence the melt temperature T"(z) is reduced with respect to the
corresponding liquidus curve as displayed in Figure 2.8(b). Under growth conditions, the
temperature of the crystallized material and the melt is equal at the interface. Assuming
a linear increase of the melt temperature with respect to the distance from the interface,
the axial temperature gradient Gp = 97'/0z can be defined. Constitutional supercooling
occurs if the gradient Gt (see dashed line in Figure2.8(b)) is lower than the gradient
defined by % .—o. Under these conditions, the melt temperature is below the liquidus
temperature in a certain volume below the interface (striped area in Figure 2.8(b)) and
the formation of secondary nuclei leads to a fast crystallization process of the concen-
trated compound. After this process, the stoichiometry of the melt is restored and the
crystal will continue growing, starting again to accumulate the less soluable compound
in front of the interface. Depending on the thermal conditions during the growth, con-
stitutional supercooling generates different shapes of phase inclusions like small particles
or equidistant striations inside the growing materials. In the latter case, it is possible to
determine the profile of the interface easily by studying the shape of the striations. The
pine tree shaped striations in Figure 2.7 might be a result of changing thermal conditions
during the growth process. In the beginning the axial thermal gradient is high enough to
suppress supercooling, while later on this gradient is reduced. The reason for the depicted
shape is the result of different axial thermal gradients at the crystal interface. Due to
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2.3 Improvement of the Crystal Growth Setup

the thermal conductivity of the solid and liquid phase, the gradient is lower in the core
region than at the surface. Additionally the atmosphere above the melt surface is heated
by the crucible walls resulting in further reduction of the axial thermal gradients during
the growth leading to an increased area where constitutional supercooling occurs.
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Figure 2.8: (a) Concentration distribution and (b) Corresponding liquidus temperature
as well as the temperature distribution causing constitutional supercooling
(dashdotted line and striped area) from [Wil88]

To suppress constitutional supercooling, it is necessary to avoid accumulation of one
component in front of the crystal interface and to increase the axial thermal gradient.
The former is obtained by applying lower pulling rates so that the convection of the melt
results in a more homogeneous melt composition or by applying higher rotation rates of
the growing crystal. However, by increasing the rotation rate, the convection scheme and
heat distribution in the melt are affected. In case of a slowly rotating crystal, the flow
shown in Figure2.9(a) produces a convex crystal interface. By increasing the rotation
rate above a critical value, which is dependent of the viscosity of the melt, both, the
flow direction and the temperature profile are inverted in the upper region of the melt
due to the centrifugal force at the crystal interface (Figure2.9(b)). In consequence the
shape of the interface changes from convex to concave and the direction of crystallization
is inverted. Under these conditions, cellular growth benefits precipitations and the core
region becomes strongly distorted. The critical rotation rate can be calculated if the
geometry and the viscosity of the system is known, but no publications regarding the
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Figure 2.9: Convection of a model liquid inside a crucible (73 > T7) (a) without crystal
(b) with fast rotating crystal [Mil81, Mil82]

melt viscosity of the binary fluorides of interest have been found. Thus, further increase
in the crystal quality of Pr3":LLF and Pr®":YLF can be reached by reducing the pulling
speed. To increase the axial thermal gradient, the thermal conditions can be adjusted
by increasing the distance between heat shield and inner crucible. However, the gradient
should not result in cracked single crystals. The radial thermal conditions can be modified
by applying a larger ratio between the diameters of the crucible and the growing crystal.

2.4 Summary

In summary, the results of the fluoride crystal growth of YLF, LLF, and KYF were pre-
sented in this chapter. The optical quality was sufficient for realizing efficient lasing of
these materials (cf. Sections4.4 and 4.5). Further improvements in crystal quality should
be obtainable by reducing the carbon contaminations, an additional heating process dur-
ing the evacuation process and application of a reduced rotation rate. Furthermore,
modifications of the axial temperature gradient reduce the effect of constitutional super-
cooling.
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3 Spectroscopic Investigations on
Praseodymium doped Fluorides

3.1 Theoretical Aspects

This section focuses on the basic theoretical background for the spectroscopic experiments
in this work. After a general introduction to the trivalent rare earth ions, in particular
Pr3*-ions, and their energy level structure in a crystal field, a more detailed description of
the interionic energy transfer processes based on the model of Forster [F6r48] and Dexter
[Dex53] induced by different mechanisms will be presented. A more generalized overview

on the field of rare earth spectroscopy can be found in the book of Henderson and Imbusch
[Hen&9].

3.1.1 Rare Earth lons

The term rare earths (REs) usually refers to the lanthanides, which are the elements
lanthanum (atomic no. 57) through lutetium (atomic no. 71) and the chemically similar
elements scandium (atomic no. 21) and yttrium (atomic no. 39). The following discussion,
however, will only address the lanthanides.

The electron configuration of the lanthanides is [Xe](4f)"(5d)*(6s)?. Here x =1 in case of
lanthanum (n=0), gadolinium (n=7), and lutetium (n=14) and x =0 for n =2 through
n =13 for cerium through ytterbium. In ionic crystals the rare earths are usually incor-
porated as stable trivalent ions. The electron configuration for the trivalent lanthanides

is [Xe](4f)mtet,

The spectroscopic properties of the trivalent rare earth ions are dominated by transitions
form 4f states to 4f and 5d states. Due to the completely filled 5s and 5p shells the
4f electrons are well shielded from influences of the crystal field [Bur62, Ray63, Ste66].
This results in a low variation of the 4 f states in different local environments and narrow
transition linewidths compared to those observed in transition metals, divalent rare earth
ions and RE*" 5d-states [Hen89]. Furthermore, with rising atomic numbers, the strength
of this shielding decreases [Ste66, Erd72].

The average distance of the 4 f electrons to the nucleus as well as the radius of the trivalent
ion decreases throughout the lanthanide row due to the stronger attraction of the electrons
by the nucleus. This lanthanide contraction effects the ion in the crystal field. Generally,
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3 Spectroscopic Investigations on Praseodymium doped Fluorides

the 4f electrons of smaller ions are less affected by the crystal field of the host material
than larger ions in the same host as their mean distance to the neighbouring ions is larger
[Ray63, Ste66, Erd72].

The Free lon

In order to calculate the energy level scheme of the rare earth ions, the Hamiltonian of
the system must be determined and the Schrédinger equation must be solved. Since no
analytical solution can be found for systems with more than one electron, the system
is first reduced to a radial, effective central field without electron-electron interaction in
the so-called central field approximation. The resulting Hamiltonian Hj is then corrected
by additional perturbation terms of first order for the non-radial Coulomb interaction
between the electrons, Hee, and the spin-orbit coupling of the electrons, HSO Further
corrections for configurational-, spin-spin-, orbit-orbit-, and hyperfine interaction are ig-
nored, since their influence is small compared to the crystal field interaction which will
be introduced later.

In the central field approximation the Hamiltonian of an N-electron system is

o= 3 (B + V(1) @)

where (-h?A,,/(2m,)) describes the kinetic energy and V(r;) the potential energy of the
i-th electron at the distance r; from the nucleus. This Hamiltonian can be separated and

the solution W of the time-independent Schrodinger equation with the energy eigenvalues
Ey

ﬁO\IJO = EO\IJO (32)

is the product of the eigenstates of the single electron wave functions |n;l;m;ms):

N
= H |nilimyms) . (3.3)
i=1

Here, n; denotes the principal quantum number and [; the orbital angular momentum of
the i-th electron. The energy eigenvalues depend only on n; and ;. In this model, the
magnetic quantum numbers m; and spin quantum numbers m, are degenerated.

According to the Pauli exclusion principle, the total wave function ¥, has to be completely
anti-symmetric, since two electrons cannot share the same single particle state. This is
ensured by writing the total wave function as Slater determinant of the single particle
wave functions.
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3.1 Theoretical Aspects

A self-consistent central potential can be determined iteratively by the Hartree-Fock-
method. Starting with a chosen potential the calculated potentials converge by successive
iteration with the Hartree-Fock-equations towards the self-consistent potential V' (r) of
the system.

The first perturbation term which will be considered in Schrodingers equation is the non-
radial part of the Coulomb interaction H,.. between the individual electrons

~ N e? N 7 e?

Ho=Y" I gy v 4
L~ (4mey) |T; — T 4 ((4#60)7’i (r )> (3-4)
1<j=1 i=1

with the elementary charge e, the atomic number Z, the permittivity of free space €y, and
the distance |r; — ;| between the electrons in question. The electron-electron interaction
causes a splitting of the 4 f™-state in distinct LS-levels, where the total orbital angular
momentum is L= |L| with L = ZZE, and S =S| is the total spin with S=3",5,. The
resultant wave functions are described with the quantum numbers L, S, M, and Msg.
The energy splitting of the LS-terms is typically of the order of 10*cm™! (see Figure 3.1).

The second necessary perturbation term of the central field approximation is the spin-orbit
interaction

N

Ao=3 o 20 ), (35

2.2
2micy 1y dr;

There, ¢y denotes the vacuum speed of light.

Further splitting of the energy levels depends on the coupling of the electrons. If PAISO is
weak compared to H., the LS- (or Russel-Saunders-) coupling is valid. In this case, the
total orbital angular momentum and the total spin are coupled to form the total angular
momentum J = L + S. The influence of the spin-orbit interaction leads to a splitting of the
LS-terms into J-manifolds. In the case of very heavy elements the spin-orbit interaction
is strong and the angular momentum of the electrons ;Z = l: + §; are coupled together
to the total angular momentum J = le: In case of lanthanides the influence of both
perturbation terms is of comparable magnitude. Therein, the intermediate coupling is
valid. The eigenstates are linear combinations of several LS-states of the same total
angular momentum J and different 25*! L-manifolds can energetically overlap in their .J-
components. The state is identified by the LS-state with the strongest influence. The total
angular momentum J, however, remains to be a good quantum number. The eigenstates
are designated after the quantum numbers L, S, and .J. These 291 L j-states are (2J+1)-
fold degenerate in M; [Hen89]. The energetic splitting of the 271 L ;-terms is typically in
the range of 10®cm™! (see Figure 3.1).
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3 Spectroscopic Investigations on Praseodymium doped Fluorides

Rare Earth lons in a Crystal Field

When a RE-ion is incorporated into a crystal lattice, it is subject to the electrostatic field
of the ligands'. The crystal field potential can be introduced as an additional perturbation
term to the free ion Hamiltonian. The potential of the crystal field can be written as:

Hy =Y BiCH. (3.6)

k,q

The C’ék) are tensor operators and the crystal field parameters BZ; are adjustable param-

eters [GW96].

The crystal field has two effects on the energy level structure of a free ion: It induces a
red-shift on the free ion levels (the so-called nephelauxetic effect) and can be explained
by a reduction of the free-ion parameters [Jor77]. The second effect of the crystal field on
the free ion is breaking the M -degeneracy of the 2! j-manifolds. The Stark splitting
of the manifolds is usually in the order of some 100 cm™" (see Figure3.1). In case of ions
with an even number of electrons, the manifolds are split into (2J + 1) levels [Mes90],
while for odd numbers of electrons the Kramers-theorem has to be considered and the
25+1[, ;-manifolds split only in (2.J + 1)/2 Stark-levels and a degeneracy of 2 is still left.

ZSHLJ (l_,l,)
2S+1LJ
~10* cm’
ZS+1L
~10° cm’”
f'
~10" cm’
Coulomb Spin-Orbit Crystal Field

Figure 3.1: Principle overview of the influence of the different perturbation terms on the
energy level splitting and labeling

Higands: neighbouring ions
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3.1 Theoretical Aspects

The Trivalent Praseodymium lon

Praseodymium is the third lightest element of the lanthanides with the atomic number
of Z=59. In dielectric crystals, praseodymium is preferably incorporated in its trivalent
state (Pr®"). In the trivalent state Pr¥*-ions have two 4f-electrons which can occupy
13 energy states inside the 4 f-orbitals. According to Hund’s rules [MKS85], the ® H,-state
resembles the ground state. Figure 3.2 (left) gives an overview on the energy level splitting
of the 4f2 and the 4 f5d states of the trivalent praseodymium ion. Directly below the 4 f5d
states at about 46.000 cm ™! lies the highest 4 f2 energy level 'Sy [Loh65]. On the right side
of Figure 3.2 an enlargement of the lower 12 energy levels of the 4 f2-states including the
Stark splitting is shown. The energy levels below the 3 F} are thermally coupled resulting in
very low effective lifetimes [Est79, Koc90]. The energy levels above 45.000 cm ™! are of any
concern regarding the investigated laser processes in the investigated fluoride compounds.
By excitation of the 3P j-manifold, several radiative transitions in the visible spectral
range from the blue to the near infrared spectral range occur. The 4f-4 f-transitions of
Pr3t offer cross-sections of several 107! cm? in anisotropic crystals [Osi03b, Ric0O4b].
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Figure 3.2: Energy level scheme of the 4 f2- and 4 f5d-states of Pr3* in YLF [Ada85, Lar00]

3.1.2 Energy Transfer
Intraionic Processes
Ions which interact with photons or phonons are involved in intraionic processes. These

processes can be classified in radiative and nonradiative transitions. The first one describes
interactions with photons only, while the latter one involves phonon-assisted transitions.
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3 Spectroscopic Investigations on Praseodymium doped Fluorides

Radiative Transitions

The basic radiative transitions are ground-state absorption (GSA), stimulated emission,
and spontaneous emission.

Absorption processes occur if the photon energy equals the energy difference between two
energy levels. Depending on the initial energy state, GSA or excited state absorption
(ESA) can occur. If the light intensity is sufficiently small, Beer-Lambert’s law describes
the absorption process and the intensity of the transmitted light passing a sample of
thickness z light follows the exponential law

I(z) = Iy - exp(—az). (3.7)

Iy is the initial intensity and the parameter o denotes absorption coefficient. The ab-
sorption cross-section o, can be calculated from the absorption coefficient if the dopant
concentration N is known using Equation 3.8.

(3.8)

Analogous to the GSA, ESA can occur. ESA on either the excitation wavelength or the
wavelength of the laser transition can reduce the laser efficiency by depopulation of the
upper laser level. On the other hand, ESA can be used to populate highly located energy
levels allowing laser operation from those levels.

Spontaneous emission denotes the relaxation process of an excited ion by emitting a
photon. The probability of emitting a photon for a given time interval dt and a given
transition |¢;) — |¢;) is given by

dt

Ti]

A;; denotes the Einstein-parameter [Ein16]. The temporal behaviour of the fluorescence
intensity follows an exponential decay curve. The radiative decay rate of state |1);) is
given by summation over all lower lying energy states |ty)

1
A = e E - :
; E A - (3.10)
k k
and the radiative lifetime of state |¢;) is

TR,Z' = —. (311)

The branching ratio §;; describes the fraction of the decay channel |1;) — [|¢;) with
respect to all radiative decays from state [1;)
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Bij S (3.12)
Stimulated emission on the transition |¢;) — [|¢;) occurs if a photon with the same
amount of energy is interacting with an ion in state [¢;). In this case, a second photon
featuring the same energy, polarization and phase is emitted in the same direction as
the initial photon. This is the crucial process for laser oscillation, because by stimulated
emission of radiation, gain is generated. The transition probability is proportional to the
corresponding emission cross-section. By using the principle of reciprocity [Einl6], the
emission cross-section can be determined from the cross-sections of absorption in case of
equal degeneracies of the involved states.

If a fluorescence photon is absorbed again by the same class of ions the process is called
reabsorption. Reabsorption can become a significant process if the overlap of the ab-
sorption and emission is large. In particular, reabsorption is a well-known loss process
for ground state lasers. Furthermore, it can prolong the measured lifetime of an excited
state compared to the real lifetime of the level, which is the so-called radiation trapping
process.

Nonradiative Transitions

Multi-phonon-relaxation is the transition of an excited state into a lower one by interaction
with one or more lattice phonons. The excitation energy is directly transformed into heat
by this process. Multi-phonon relaxation into energetically close levels is very fast and can
effectively depopulate excited states. The temperature dependent nonradiative transition
rate Wy, is described by [Ris68, Moo60]

Woe(T) = Wy - e *AE[1 — e %1 |72, (3.13)

The empirical parameter W, depends on the host material and a describes the electron-
phonon coupling, which can be considered weak in case of 4f electrons. AF is the energy
difference between the two states and hw.g is the effective phonon energy of the host
material, which depends on the lattice structure, bonding strength and the inter-ionic
distances. The number of phonons needed to bridge the energy gap is given by p = hﬁi .
The temperature dependence of W, can be neglected in case of praseodymium in fluorides
because of their low phonon energies [Ada85|. The nonradiative lifetime of an excited state

is defined as

1
WHI‘ ‘

(3.14)

Tnr =

The effective lifetime 7.g can now be calculated from the nonradiative (Eqn. 3.14) and the
radiative lifetime (Eqn.3.11):
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— = —+ —. (3.15)

Selection Rules for Radiative Transitions

The radiative transitions in trivalent lanthanides mainly occur between 4 f"-states. Since
the initial and the final state of these transitions have the same parity, electric dipole tran-
sitions are forbidden by the Laporte selection rule and only magnetic dipole transitions
can occur [Hen89|. In general, magnetic dipole transitions are weaker than electric dipole
transitions by a factor of 10°. Under the influence of a non-inversion symmetric crystal
field, however, configurational mixing between 4 f and opposite parity states like 4 f*~15d-
states partly allow electric dipole transitions between 4 f-states in the lanthanides. In case
of inversion symmetry the Laporte selection rule can be weakened by non-centric distor-
tions like lattice defects. The weakening for sites with inversion symmetry is considerably
smaller than the weakening for non-inversion sites.

The general selection rules for electric dipole transitions can be summarized as follows
[Hen89, Kam90):

1. Al =41
2. |AS| =0
3. |AL| < 21
4 |AJ| <2

The mixing of 4 f states and those of opposite parity and the resulting transition rates can
be calculated using the Judd-Ofelt-theory [Jud62, Ofe62]. Unfortunately, the splitting of
the 29+ L terms of the perturbing configuration into 2*' L ; has to be negligible compared
to the energy gap between the states of opposite parity. This condition is not fulfilled for
the 42 energy levels of Pr3T. Thus, the results obtained from the Judd-Ofelt-theory can
only be seen as a rough estimation.

Interionic Processes

Interionic processes involve the direct transfer of excitation energy between two ions with-
out absorption or emission of photons. The ion which delivers excitation energy is labeled
donor (D), the ion accepting even a fraction of the energy is called acceptor (A).

Depending on the energy difference of the excited states of the donor and the acceptor
before and after the energy transfer process, it is possible to distinguish between resonant
and non-resonant excitation energy transfer. A resonant energy transfer occurs when the
amount of energy delivered resembles the amount of energy accepted. In the non-resonant
case, a fraction of excitation energy is exchanged with the phonon field of the host lattice.
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(a) Cross-Relaxation (b) Upconversion  (c) Energy Migration

Figure 3.3: Possible interionic energy transfer processes between adjacent rare earth ions
of the same type

Depending on the energetic state of D and A after the energy transfer process, one distin-
guishes between three processes: cross-relaxation, upconversion, and energy migration.

Cross-Relaxation

In the beginning of a cross-relaxation process (CRP), just the donor is in an excited
state. After the interaction, the donor has lost a fraction of its excitation energy to the
acceptor such that both ions are in an excited state (Figure3.3(a)). CRPs exhibit losses
for realizing lasers if the initial excited state of the donor ion resembles the upper laser
level.

Energy Transfer Upconversion

To achieve energy transfer upconversion (ETU), the two ions involved in this process
have to be in an excited state in the beginning (Figure 3.3(b)). In this case, the excitation
energy from the donor is transferred to the acceptor leaving the accepting ion in an
energetically higher state than the initial state of the donor. Using ETU processes, it is
possible to populate highly located energy levels without direct excitation.

Energy Migration

While the energy is transferred from a donor to an acceptor in case of CRP and ETU,
energy migration only takes place between two donors resulting in a resonant process
(Figure 3.3(c)). This process accelerates both the ETU and CRP because the excita-
tion energy is available in a large volume. In this case, the excitation energy can reach
impurities or imperfections and energy migration provides losses.
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Interaction Mechanisms

Interionic processes of interacting ions can be induced by multipolar or exchange interac-
tion. These interaction types exhibit different characteristics regarding coupling strength
and dependence on the interionic distance. The interaction mechanisms will be introduced
shortly in the following paragraphs.

Multipolar Interaction

In case of multipolar interaction between two RE-ions, both magnetic multipole and
electric multipole coupling is possible. In both cases, the corresponding fields of the donor
and the acceptor ion interact with each other. Since the electric multipole interaction is
several orders of magnitude stronger than the magnetic multipole interaction [Hen89], the
following section will only focus on the electric multipole interaction.

The electric multipolar induced processes can be further separated with respect to the
interacting multipolar fields. In case the electric dipole field of D interacts with the
electric dipole field of A, this process is labelled dipole-dipole (dd). In the same way,
dipole-quadrupole (dq), quadrupole-dipole (qd) and quadrupole-quadrupole (qq) induced
interactions are defined. The radial dependence of the energy transfer rate for electric
multipolar induced interactions is proportional to R~*, where s =6 for dd-, 8 for dg- and
qd- and 10 for qg-induced interactions (cf. Section 3.1.3). Thus, dd-induced interactions
feature large interaction lengths of several tens of angstroms [For48, For49] and are usually
considered first when energy transfer processes occur in a system. Higher order multipolar
induced energy transfer processes are at least two orders of magnitude smaller than dd-
induced processes [Hen89).

Exchange Interaction

While multipolar interactions enable distant ions to transfer energy, the exchange inter-
action is based on the direct overlap of the electron wave functions of donor and acceptor
[Lev69, Sil97, Had99]. Thus, the interaction range is limited to a few angstroms only.
Nevertheless, the exchange-induced energy transfer rates are comparable to dd-induced
transfer rates. Energy transfer by exchange interaction can also occur via the overlap of
the electron wave functions of D and A with a ligand ion in between. This process is
called a super-exchange process [Mir96].

3.1.3 Calculation of the Transfer Rate

In this section an overview of interionic processes, their occurrence, nature and influence
on the deexcitation rate will be given. Beginning with the microscopic part of excitation
energy transfer, the results obtained by Forster [F6rd8] and Dexter [Dex5b3] will be intro-
duced. Next, this model will be expanded to the description of multiple ions in a host
material resulting in the continuum approximation of Inokuti and Hirayama [Ino65] in its
static form. In a last step, the dynamic models, which involve energy migration, namely
the diffusion model and the hopping model will be introduced briefly. Further details on
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all of the models can be found in the book of Henderson and Imbusch [Hen89] and the
review paper by Burshtein [Bur85].

Model of Forster and Dexter

Forster [Ford8] and Dexter [Dex53] developed a model for nonradiative energy transfer
processes between a single donor and a single acceptor. They obtained a simple result for
the intensity decay characteristics of the donor ion:

I(t) = Iy - exp (—% — Wpa - t) (3.16)

with the energy transfer rate

2
Wps = 2 ’<D,A*

~ 2
a [‘ D ,A>‘ Q. (3.17)

Here, I denotes the operator of the interaction mechanism, € reflects the overlap of the
corresponding transition lines and 7r denotes the lifetime of the donor without accep-
tors. D and A denote the donor and the acceptor in the ground state while D* and A*
correspond to the excited states of these ions.

Forster assumed a dd induced interaction. In this case, the transfer rate obtains the
following form [Fo6r48]:

|/[/ = I ; .

Herein, (), denotes the integrated absorption cross-section of the corresponding transition
of the acceptor, fp and f4 denote the normalized line shapes of the corresponding radiative
transitions of donor and acceptor, and Rp,4 is the distance between the interacting ions.

To simplify the previous formula, the energy transfer microparameter C34 will be intro-
duced reducing Equation 3.18 to

WDA = —= . (319)

In case of dg-, qd- or qg-induced interactions the energy transfer rates ng can be defined
in analogy to Equation 3.19

S
=&

(3.20)

3
ge
>
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In this equation, s corresponds to the order of the multipolar process involved as defined
in Section 3.1.2.

Dexter [Dex53] determined the transfer rate in case of an exchange-induced energy transfer
between donor an acceptor to be

We, = 2% K2 exp (_%) / o(E) fa(E)dE. (3.21)

Here, K is a constant with a dimension of energy, L is called the ”effective average Bohr
radius” for the excited and unexcited states of D and A. Inokuti and Hirayama [Ino65]
simplified Equation 3.21 and obtained:

1 R
W5y = — |1 —— 3.22
DA = XD [v ( Rcﬂ (3.22)
by introducing
2R,
— 2
Y= (3.23)
and
e 2
= TR [ o(BVA(BNE (3.24)
TR h

Herein R, is the "critical transfer distance”, namely the distance, in which the radiative
decay rate matches the nonradiative energy transfer rate.

Approximation of Inokuti and Hirayama

Up to now, the considerations only took into account a single donor and a single acceptor
interacting with each other (microscopic energy transfer). As a result, the decay rate
of the donor luminescence, given by Equation 3.16, is single exponential in time. In
macroscopic scales, the distribution of donors and acceptors in a crystalline material is
completely homogeneous and the decay characteristics of the donor luminescence are non-
exponential.

In the absence of energy transfer between donor ions, Blumen [Blu80] derived the following
formula for the decay curve of an ensemble of excited donors:

I(t) =1y - exp (—i) H [1 —ca + caexp(—Wpya, - t)] (3.25)

—
R/

30



3.1 Theoretical Aspects

ca is the probability that a site is occupied by an acceptor and [ refers to all lattice sites
available. Wp, 4, denotes the energy transfer rate from the donor at position 0 to the ac-
ceptor at lattice site [. Equation 3.25 is valid for both multipolar and exchange interaction
between donor and acceptor. By assuming a continuous distribution of acceptors starting
with a minimum distance Ry around a donor and an electric multipole interaction, Watts
[Wat75] deduced the following equation

I(t) = exp <_%> exp [_Z_g‘r (1 _ g) (%)3/] (3.26)

Here, I'(x) is the gamma function. Due to the assumption of a continuous distribution of
acceptors the influence of the closest acceptors is weighted too strong and Equation 3.26
is valid after a certain time ¢, which is defined as [Vor82]

B \ln(l — CA)‘ Rg
o OR

(3.27)

1

In case of a dd induced excitation energy transfer, Inokuti and Hirayama [Ino65] derived
for t>1t;

t
I(t) = Io - exp(—— - YiV't) (3.28)
R
with :
%= gﬂgnA(C%i)l/Q (3.29)

Here, n denotes the acceptor concentration density. For shorter timescales t<t;, Voron’ko
[Vor76] and Blumen [Blu80] used Equation 3.25 to derive

t 1
I(t) = Iy - exp <_% —eaCSAtY @> (3.30)

Assuming a continuous distribution of acceptors beginnig from Ry, this equation reduces
to

t  AxC«
1= (== ). .
0

In case of an exchange induced energy transfer, one obtains

t 3N
R ) 3.32)
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where

3
= 53 3.33
1o 47 RS, ( )
is the critical ion density. The function ¢ is given by
1
9(2) = —Z/ exp(—2y)(Iny)°dy. (3.34)
0

Influence of Energy Migration

The considerations in the last section included two possible relaxation channels of an
excited donor: either by emitting a photon or by transferring the excitation energy to
an acceptor. In the next step, energy migration will be taken into account by extending
Equation 3.28, accordingly.

In analogy to the microparameter Cpy describing the transfer rate from donor to ac-
ceptor, a microparameter depicting the donor-donor transfer rate, Cpp, can be defined.
Depending on the ratio of these parameters, different models are valid. Furthermore, the
critical concentration c¢*, which describes the limit for the supermigration regime, can be
approximated by

¢t = (CDA>1/8 (3.35)

C1DD

In Figures3.4(a) and (b), the different sections of the nonradiative decay curve are dis-
played for the limiting cases Cpp > Cpa and Cpp < Cpa.

The case of supermigration (Section IV in Figures 3.4(a) and (b)), which occurs at cy > ¢*,
the decay characteristics are single exponential, because the excitation energy is dis-
tributed over the whole number of donors before the energy is transferred to the acceptors.
In case cp < ¢*, the decay process can be divided into three stages. An initial exponential
stage (Section I'), which holds for 0 <¢ < t¢;. This decay goes over into the Forster decay
curve (Section IT). Beginning at t5, given by Equation 3.41, the decay curve becomes
single exponential again (Section I1]) due to energy migration processes.

Depending on the ratio between the energy transfer microparameters, different regimes
and models are able to describe the excitation energy transfer processes.

Fast Migration Regime (Cpp > Cpa)

In case of fast migration between donors, every donor feels the same acceptor environment
[Vor82] and Equation 3.25 results in
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Figure 3.4: Different sections of the nonradiative decay curve in case of (a) Cpp > Cpa
and (b) Cpp <« Cpa [Vor76]. The regions I-IV are described in the text.

t
I(t)=1Ip-exp (—— — Whpa - t) (3.36)
TR
where
WDA = CA Z WDoAz' (337)
l

Here, ca denotes the acceptor concentration and Wp, s, is the energy transfer rate from
the donor at location 0 to the acceptor at location [. Fast migration occurs for all ratios
of Cpp-Cpa at very short timescales (¢t <t;) after excitation. During this time interval,
the luminescent decay of the donor ions is single exponential.

The Hopping Model (Cpp > Cpa)

Burshtein described the migration of excitation energy as a random-walk across donors
[Bur72]. After each transfer process ("hop”), the excitation energy stays for a character-
istic time (Thep) at the actual donor. Watts [Wat75] showed that

1 or\*
= | = n CDD'
Thop ( 3 ) b
For sufficiently long times (¢ > t5) the effects of direct D-A transfer are of minor importance
and the radiative decay of the donor luminescence follows the equation [Bur72, Vor76]

(3.38)

t
I(t) = Iy - exp (—— N t) : (3.39)

TR
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with

. 9\ 5/2
Wpp =7 (3) nanp(CpaCpp)'/?. (3.40)

Here, na and np denote the donor and acceptor ion densities. The time ¢, can be calcu-
lated by

2
Vi
by = 3.41
2 <WDA) (3.41)
~; is defined in Equation 3.29.

The Diffusion Model (Cpp < Cpa)

Yokota and Tanimoto described the energy transfer between two donors as a diffusion
process [Yok67]:

L’gf’ b _ —%\II(R, t) + DV2U(R,t) — Z Wpa(R — R;)¥(R, ) (3.42)

U denotes the density of excited donors and D is the diffusion constant. Further details
regarding the diffusion model can be found in the publication by Yokota et al. [Yok67]
and the book of Henderson and Imbusch [Hen89], but will not discussed here.

The solution of this equation is not single exponential in the beginning, but for sufficiently
long times (t > t5, see Equation 3.41), the donor luminescence follows the equation

t .
I(t) = Iy - exp <_E — W t) : (3.43)
. am)? 1\
ot~ 07 (1) et 340

As in case of the hopping model, the decay rate is proportional to the donor and acceptor
concentration, np and ny, respectively.
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3.2 Measurement Setup

In this section, relevant information about the used setups for absorption-, emission-,
ESA- as well as lifetime measurements will be introduced, briefly.

3.2.1 Absorption Measurements

Room temperature measurements of GSA were performed using the two-channel spec-
trophotometer CARY supplied by Varian. The spectral resolution was chosen according
to the spectral linewidths and set to 0.15nm for the anisotropic crystals BYF, YLF, and
LLF and to 0.3nm in case of KYF to obtain accurate transmission data. Applying Beer-
Lambert’s law (Eqn. 3.7), the measured transmission curves in the spectral range from
400 nm to 650 nm were converted to absorption cross-sections using the Pr3*-ion density.
The results of the room temperature measurements can be found in Section 3.3.1.

Additionally, GSA measurements on YLF and LLF were performed at low temperatures.
The setup for these measurements is shown in Figure 3.5. A cryostatic temperature regu-
lator was used to cool down the samples to approximately 10 K. In order to keep the low
temperature of the sample, the light intensity was reduced by an appropriate aperture.
The transmitted light of a tungsten halogen lamp was spectrally resolved using a 1m
SPEX monochromator. Due to the reduced linewidth of many optical transitions at 10 K,
the spectral resolution was set to 0.03nm. For signal detection, a cooled Silicon diode was
used. The reference spectrum was recorded after removing the sample from the cryostatic
chamber. These measurements were done using lock-in technology.

lenses cryostat

polarizer e \ l sample halogen tungsten lamp

|
proma v |

monochromator ] [ |
Si-de- N
tector X pinhole

| lens
Lock- PC chopper
In

[

Figure 3.5: Schematic of the setup used in the low temperature absorption measurements
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3.2.2 Emission Measurements

Both, room temperature as well as low temperature emission measurements were perfor-
mend in the setup shown in Figure 3.6. As excitation source, a GaN-laser diode operated
at 444nm or, in case of some low temperature measurements, a frequency doubled op-
tically pumped semiconductor laser (OPSL) emitting at 479.5nm was employed. The
crystal was prevented from heating at low temperature measurements by reducing the
power of the excitation sources to 6 mW. To determine the spectral response of the setup,
a tungsten filament lamp (7'= 2600 K) was mounted at the sample position instead. As-
suming an emissivity of a black body, the correction data can be determined by dividing
the theoretical and the measured spectrum. The resulting emission cross-sections were
determined using the Fiichtbauer-Ladenburg formula [Wal98, Sch02].

excitation source

T

lenses — chopper

polarizer

v A E
monochromator ]
v f ——cryostat

Si sample
diode
|
LOCk- PC
In
]

Figure 3.6: Schematic of the setup used in the low temperature emission measurements

3.2.3 Excited State Absorption Measurements
In the framework of this thesis continuous wave ESA spectra were recorded using the

"pump- and probe”-technique first reported by Kéttke et al. [Koe95]. Thereby, depend-
ing on the excitation wavelength, ESA originating from different energy levels can be
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investigated. Figure 3.7 shows the setup used in the experiments. The pump beam was
provided by a GaN-laser diode or optionally by a frequency doubled OPSL while the
broad band probe beam is generated by a xenon lamp. The transmitted light is dispersed
and analysed using a 1 m monochromator and a photomultiplier tube. Two choppers are
used to modulate the pump and the probe beams and two lock-in amplifiers measure the
transmitted light signals. The probe chopper signal triggers the first lock-in amplifier,
which results in a measurement of the intensity I of the transmitted light. This signal is
transferred into the second lock-in amplifier, which is triggered by the pump chopper. In
this way the second lock-in amplifier measures the difference in transmission in pumped
and unpumped condition Al.

The reduced population numbers of the ground state in presence of the laser excitation
results in a variation of the absorbed light. Additionally, the population of the excited
states causes ESA and stimulated emission.

excitation source:
OPSL or GaN-LD

e

chopper 2

beam blocker

T e
J ML

lenses <”
M

polariZfr /\

monochromator }

PMT . pinhole lens
mirror
e N
Lock- Lock- chopper 1
Inl In2
— — | PC

Figure 3.7: Schematic of the setup used in the ESA-measurements

The signal in the case of the unpumped crystal I, can be described by Beer-Lambert’s
law (cf. Equation 3.7):

I, = Iyexp (—oggsanl) (3.45)

where n denotes the total dopant ion concentration, [ is the thickness of the sample, and
ocsa is the GSA cross-section. The transmitted probe intensity by the pumped sample
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I, is given by

1
I, = Iyexp (—UGSA(n —ne)l + Z n_<aem’i — aESA’i)nel> (3.46)

7

where n; is the population density of level ¢ (). ni =n.), and n, denotes the total excited
population density. 0em; and ogga,; are the stimulated emission and the ESA cross-
sections from level i, respectively. Forming the ratio of Equations3.45 and 3.46 and
subsequently taking the logarithm one obtains

1

In <I_p> = 0gsANel + Z Ni(Cem,i — OrsALi)! (3.47)

1

where the term ogganel represents the bleaching of the GSA due to the excited ions.

The frequencies of the choppers and the integration time constant of the lock-in amplifiers
have to be chosen accurately in order to assure a good signal-to-noise ratio. Using a lamp
as an excitation source results in a small population density of the excited state and, thus,
slightly different transmission spectra of the pumped and unpumped case are obtained.
The integration time constant of the first lock-in amplifier must be at least three times
shorter than half a cycle of the pump chopper frequency. As a consequence, the frequency
of the probe chopper must be high enough to allow operation with short integration time.
Finally, the frequency of the pump chopper must be slow enough to provide steady state
excitation of all levels.

In case of the investigated Pr3*:YLF and Pr3*:LLF samples the probe chopper frequency
fprobe Was set to 675 Hz and integration time constant of the first lock-in amplifier was
tprobe =30ms. The pump chopper was operated at fpump =10Hz which means a pump
time (half cycle) of 50 ms that is 1.6 times longer than ¢,ope.

As the difference Al = I,-1, is very small, the following approximation can be made:

LY L— I\ AT\ Al
ln<1—u>—ln<l+ I )—ln<1+lu>~ T (3.48)

One of the advantages of the double-modulation technique is the acquisition of both I,
and I, at the same time avoiding errors due to drifts of the probe beam. This results in
a good reproducibility of the measurements. The output of the second lock-in must be
rescaled according to the amplification factor of the amplifier A, to obtain Al from the
measured signal AAI. Using equation 3.48, the expression for the measured signal % is
then given by

N ",
T - (nelA) (UGSA + Z . (Tem,i — UESA,Z’)) . (3.49)
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For the determination of the cross-sections values the knowledge of A and n. is not
required. Since the raw spectra can be calibrated with the bleaching signal of the GSA, a
wavelength region where only GSA occurs is sufficient to obtain the factor nc.lA. In this
way, the measured ESA spectrum can be rescaled accordingly. To remove the influence
of GSA, subtraction of the GSA spectrum from the scaled ESA spectrum results in

Z(ni/ne)(aem,i — OESAL)- (3.50)

i

3.2.4 Lifetime Measurements

Figure 3.8 shows the setup used in the decay measurements. The excitation source is a
pulsed optical parametric oscillator (OPO) tunable from 400nm to 2.1um. This laser
fabricated by Solar Laser System provides pulse durations of 30 ns and pulse energies up
to 15mJ at a repetition rate of 10 Hz. The fluorescence signal was spectrally resolved
using a 0.5m SPEX monochromator and detected by a S1 photomultiplier tube. To
achieve a high resolution in timescales, the PMT was connected directly to a 0.5 GHz
oscilloscope with a 50 €2 resistor inside. Under these conditions, time constants of up to
5ns are detectable. If not stated elsewhere, an average of 3000 decay curves was taken
for each measurement.

monochromator
sample [
filter PMT
LN
lenses
OPO mirror oscilloscope
detector signal trigger

Figure 3.8: Schematic of the setup used in the decay measurements
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3.3 Room Temperature Results

In this section spectroscopic data of the Pr-doped fluorides obtained from room temper-
ature measurements are presented. Results of absorption and emission measurements
in these materials were published earlier [Est79, Ada85, San94b, Osi03a, Cor07, Cam07,
Ric07]. These data are presented in the following section. The continuous wave ESA
spectra and results of the lifetime measurements are discussed in Sections 3.3.2 and 3.3.3,
respectively.

3.3.1 Absorption and Emission Measurements

The results of the room temperature absorption measurements are displayed in Figure 3.9.
Table 3.1 contains the peak absorption cross-sections of the investigated Pr®*-doped crys-
tal systems. In the anisotropic single crystals Pr3*-ions feature peak absorption cross-
sections of up to 2.3x107 cm? at a wavelength of 479.2nm and a peak width of 0.65 nm.
The OPSL-pump systems used in the laser experiments are spectrally matched to this
absorption peak. In contrast to the OPSLs, GaN-based laser diodes (GaN-LDs) emitting
in the spectral range around 444 nm are spectrally broader and feature a small tunability
range. In this spectral region the peak absorption cross-section reaches 1.0x1071? cm?
and the peak width is at least 1.8 nm which is advantageous for diode-pumped laser ex-
periments.

The results of the emission measurements in the visible spectral range under GaN-
LD-excitation in case of Pr3*:YLF, Pr3*:LLF, and Pr3*:KYF and Ar-ion laser excita-
tion in case of Pr3T:BYF are shown in Figure3.10. Like in case of absorption, the
emission transitions of Pr3*:LLF and Pr3*:YLF are strongly polarized and feature the
same characteristics. The dominant transition of emission *Py—3F, around 640 nm has
a peak emission cross-section of more than 2.1x107'%cm?. The strongest transitions
are 3Py—3Hy (~479.2nm), 3Py—3Hg (~604.2nm - ~607.1nm), *P—3F; (~721.0nm),
3Py—3F3 (2 697.7nm) and *P,—? Hy (=~ 522.6 nm) in decreasing order. Laser action under
GaN-LD-pumping has been demonstrated on these transitions except those at ~697.7 nm
and ~479.2 nm.

The emission spectra of Pr3":BYF differ both in peak heights as well as in the peak
wavelengths. The highest emission cross-section of 1.8x107 cm? is located at 607.6 nm
(transition 3Py—3Hg), followed by peaks at 480.3nm (*Py—3H,), 719.7nm (*Py—3F)),
639.4nm and 642.7nm (3Py—3Fy), 694.2nm (3Py—3F3), and 523.9nm (3P, —3Hj).

The last emission spectrum shown in Figure3.10 is obtained from Pr3* in KYF. This
system features emission cross-sections up to 0.9x107'% cm?. Besides the ground state
transition, the strongest emission occurs at 644.9nm (*Py—3F;), where laser oscillation
under GaN-LD-excitation was reported recently [Bra07, Cam07].

All emission spectra show a broad background of emission in the spectral regions from
595nm to 630 nm and from 680 nm to 730 nm. The energy level structure of Pr** does not
predict such broad optical transitions in emission but a few spectrally narrow transitions
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Figure 3.9: Room temperature polarized absorption spectra of different Pr3*-doped fluo-
rides
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A (nm) ‘ o, (10720 cm?) | Polarization ‘ Transition
YLF
441.0 4.1 E||a 3H,—3P,
443.9 8.9 E||e 3H,—3P,
468.6 6.3 E|e SH,—3P,
479.2 17.0 E||E 3H,—3P,
584.7 0.7 E|a 3SHy—'D,
594.6 3.1 E|e 3Hy—1D,
LLF
440.9 4.3 E||a@ SH,—3P,
444.0 10.3 E||& SH,—3P,
468.7 7.1 E||& 3H—3P,
479.2 23.4 E||& 3H—3Py
584.4 0.8 E||a SHy—'D,
594.8 3.6 E||¢ SHy—'D,
BYF
444.7 5.4 E|lb 3H,—3P,
468.4 2.9 E|b SHy—3P,
479.8 6.6 E|b 3H—3P,
589.0 1.0 E|b 3Hy—1D,
596.9 1.9 E|b 3Hy—1Ds
KYF
4421 1.6 3H,—* P,
446.2 2.4 3H,—*P,
467.7 0.8 SHy—*P,
470.8 1.1 SH,—*P,
482.0 1.8 3H—3P,
579.6 0.3 3Hy—'D,
591.7 0.6 3Hy—'D,
599.7 0.4 3Hy—'D,

Table 3.1: Peak absorption cross-sections of GSA to the 3P j-manifold and the ' D, energy
level of Pr3* in different fluoride crystals
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Figure 3.10: Room temperature polarized emission spectra of different Pr3*-doped fluo-
rides using a GaN-LD (YLF, LLF, and KYF) or an Ar-ion laser (BYF) as
excitation source
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3 Spectroscopic Investigations on Praseodymium doped Fluorides

A (nm) ‘ oe (10720 cm?) ‘ Polarization ‘ Terminating Level
YLF
479.2 19.4 E||& 3H,
604.3 9.8 E|| 3 H
607.2 13.6 E|a 3 Hg
639.5 21.8 E|a 3Fy
697.6 5.2 E|| 3y
720.8 8.8 E|| 3Fy
LLF
479.3 19.7 E|| 3SH,
604.1 9.3 E|| 3 H
607.0 11.8 E|a 3 H
640.1 21.0 E|a 3Fy
697.8 4.3 E|| 3Fy
721.4 7.2 E|| 3F,
BYF
480.3 14.4 E|b 3H,
607.6 18.5 E|b 3 H
610.6 7.9 E||@ 3 Hg
639.4 65| ELld,ELb 3F
642.7 7.6 E|b 3Fy
694.2 4.4 E|b 3Fy
719.7 9.8 E|b 3Fy
721.6 6.5 E||@ 3Fy
729.0 5.0 E||@ 3Fy
KYF
482.0 9.4 3H,
609.9 8.4 3 Hy
644.9 9.1 3F,
699.6 2.1 3Fy
719.5 45 3F)
728.9 2.3 3F)
730.9 2.0 3F)
734.9 2.0 3F)

Table 3.2: Peak emission cross-sections of the strongest transitions originating from the
3Po-energy level of Pr3* in different fluoride crystals
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3.3 Room Temperature Results

in these regions. Regarding the broad absorption background in the spectral region from
430 nm to 485 nm, colour centre formation in the investigated materials is possible. Colour
centres feature broad bands of absorption and emission in the visible spectral region.
Further investigations on colour centres were not performed in this thesis but should be
considered in the future. As expected from the crystallographic point of view, the optical
spectra of Pr3*:YLF and Pr3":LLF feature the same characteristics.

3.3.2 Excited State Absorption

The set-up used for the ESA measurements introduced in Section 3.2.3 allowed the mea-
surement of excited state absorption from 280 nm to 750 nm. By using GaN-LDs as well
as OPSLs, ESA spectra originating from the 2 Py-level of of Pr3*:LiYF, and Pr3*:LiLuF,
were recorded. Figures3.11 and 3.12 show the obtained spectra. The following paragraph
gives a short discussion on the results.
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Figure 3.11: Polarized ESA-spectra in the ultraviolet and visible spectral range. In the
indicated wavelength regions ESA transitions from the 3P, to the 4 f5d-states
are expected.

In principle, the spectra can be divided in two sections: the first one, covering the spectral
range from 280 nm to 410 nm, is dominated by ESA. The absorption lines are broad (AX >
20nm) and can be assigned to different ESA transitions from the 3Py to different 4 f5d-
states of Pr®" [San94a, Sar94, Lar99, Lar00, NicO1]. The second part, corresponding to
the visible spectral region from 440 nm to 750 nm, is dominated by the stimulated emission
originating from the 3 P;-multiplet as well as the D energy level. In the spectral region
from 695nm to 750 nm, the characteristic emission transitions 2Py — 3F3 and 3Py — 3F}
were not detected. Instead, a broad ESA background has been has been recorded here.
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Figure 3.12: Polarized ESA-spectra in the ultraviolet and visible spectral range. ESA
transitions from the 2P, to the 4f5d-states are induced by photons in the
indicated wavelength regions.

The reason for this is not clear. According to the energy level scheme, no narrow absorp-
tion lines around 698 nm and 721 nm should occur suppressing the emission transitions
into the 3F3 and 3F, energy levels. Furthermore, no ESA transitions from the 3P, to the
4f5d states are expected in this spectral region. Although the population of the 4f5d
states is very low, ESA inside these energy states was checked by measuring the ESA
spectrum with an appropriate filter blocking the UV-components from the pump beam
responsible for the ESA transitions 2Py — 4f5d. However, no change has been found in
this spectral region. Due to different setup components in comparison to [San94a] and
[RicO4al, the limited spectral sensitivity of the applied photomultiplier tube is most likely
the reason for the obtained data around 735nm. In the former measurements, no laser
transitions in the visible spectral range were subject to ESA-processes originating from
the upper laser level.

Neither on the pump wavelengths of GaN-LDs (444.0nm) and OPSLs (479.5 nm) nor on
possible laser wavelengths, such as 639.5 nm, 607.2nm, and 522.6 nm, no ESA occurs.

3.3.3 Lifetime Measurements

Pr3* ions doped in single crystals often exhibit nonexponential fluorescence decay curves
from the 3 Py-level. This occurs both in oxidic and fluoridic single crystals [Ada85, Mal93,
Der03, Xio05]. In former publications, different authors found fluorescence originating
from the ! Dy under ® Py-excitation [Heg82, Der03]. Population of the ! Dy-energy level can
be generated via radiative or nonradiative transitions. In oxide host materials with high
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Figure 3.13: (a) Pr®t(0.65at.%):YLF: decay characteristics under 2Py-excitation (b)
Cross-relaxation processes in the Pr3t-system suggested by [Heg82] and
[Der03]

phonon energies, the energy gap between 3Py and ' D, of ~4000cm™! can be bridged by
multi-phonon relaxations leading to an enhanced population of the ' Dy-state. This leads
to a single exponential decay curve and a temperature dependence of the fluorescence de-
cay rate. In case of low-phonon host materials like fluorides for very low concentrations no
1Dy fluorescence and no temperature dependence of the fluorescent lifetime was detected
[Ada85]. However, at reasonable high Pr¥"-concentrations nonexponential deexcitation
curves and ' Dy-fluorescence is observed in these materials.

A direct evidence for energy transfer processes in Pr3*-doped systems can be seen in
Figure 3.13 (a) in case of a Pr3":YLF crystal with a Pr3* concentration of 0.65 at.%,
for example. The decay curves of the 3Py, D, and 'G, are displayed in linear scale
under ?Py-excitation. The obtained characteristics show different behaviour: The 2P,-
fluorescence curve is nonexponential during the first 20 ps and exhibits a single exponential
behaviour at larger timescales. This can be seen more clearly in the decay curve of the
Pr3t(0.65at.%):YLF in semilogarithmic scale in Figure 3.15. The decays from ' Dy and
1@, show different characteristics. The fluorescence intensity reaches its maximum value
after 20 ps and decreases single exponentially for sufficiently long timescales. These results
can be explained by the mechanisms shown in Figure3.13 (b). Under ®Py-excitation,
excitation energy is transfered by CRPs to the ' D, and 'Gy energy levels. Hegarty and
Deren suggested the existence of these CRPs between adjacent Pr®-ions [Heg82, Der03].
In this process, Pr®*-ions which are not excited are acting as acceptors.

The decay characteristics shown in Figure 3.14 (a) are taken under !Ds-excitation. The
' D, fluorescence signal, ranging from the excitation pulse to about 75 s is nonexponential
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Figure 3.14: (a) Pr37(0.65 at.%): YLF: decay characteristics under ! Dy-excitation (b) Ad-
ditional energy transfer process detected in Pr3+:YLF

and passes into a single exponential behaviour at ~100ps. In case of !Ds-excitation,
fluorescence from the *G4 and at 721 nm could be detected as well. The decay curve of the
LG y-level is shaped as in case of 2 Py-excitation, but with a shorter rise time of about 5 ps.
The measured signal at 721 nm features an almost single exponential decay starting with
the excitation pulse. These results add another CRP to the chart: This CRP originating
from the ! D, enables even more population in the Gy energy level. It is schematically
depicted in Figure3.14 (b). Considering the fluorescence decay curve at 721 nm, the
decay constant differs from the one of Pr3*-ions directly excited in the 3P, energy level.
The fluorescence is most likely not originating from the 3P, energy level, because any
ETU process leading to a population of the 3P is far from resonance as well as high
excitation intensities and two closely spaced excited Pr3*-ions are necessary to achieve
ETU. Furthermore, these ions most likely loose their excitation energy by CRP after the
ETU process. Thus, a fast deexcitation of the 3 Py-state is expected under ' Dy-excitation.
This behaviour could not be confirmed by the measurements. The detected fluorescence
might be the result of colour centres interacting with excited Pr3* ions. A second aspect
in the decay curves which is not explainable so far is the very fast increase in fluorescence
originating form the ' Dy and 'Gy levels in Figures3.13(a) and 3.14(a). After the initial
increase, which is marked in Figure 3.13(a), these curves feature a curved behaviour. A
simple CRP model predicts no very fast increase prior to the curved behaviour. The
initial increase in fluorescence might be due to parasitic excitation of colour centres in the
blue spectral region at 444nm or 479.6 nm. Colour centres might also provide fractions
of the fluorescence background around 700 nm in the room temperature emission spectra
in Figure 3.10 as discussed in Section 3.3.1.
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Figure 3.15: Decay curves of the ®Py-level of Pr3*:YLF under direct excitation

To obtain high energy transfer rates Wpa and Wpp, Pr®t ions in the host lattice must
be located at neighbouring RE-sites. Thus, the effect of fluorescence quenching by CRPs
should increase with increasing Pr3 concentration. The concentration dependence of the
luminescent decay from the 3 P state of Pr3*:YLF is shown in Figure 3.15. In semilogarith-
mic scale, the nonexponential behaviour of the decay curves during the first microseconds
can be seen clearly. With increasing dopant concentration, the effect gains influence.
Apart from the nonexponential decay at the beginning, the time constant in the single
exponential regime shortens with increasing concentrations as well. As already discussed
in Section 3.1.3, energy migration between donor ions affects the exponential behaviour
for sufficiently long times after excitation. High energy migration rates enable exictation
energy to reach more distant acceptors and fluorescence quenching can occur in longer
timescales. This can be seen at the steeper slope at longer times.

While in case of single exponential decay curves the effective lifetime 7.4 can be deter-
mined by an exponential fit, the effective lifetime of nonexponential decay curves can be
calculated by

Tt = / T L)dt (3.51)

where Iy(t) denotes the normalized decay curve. Table 3.3 shows the calculated effective
lifetimes for different Pr-concentrations (cp,) as well as the nonradiative decay rate Wy,
obtained by Equation 3.15. The radiative lifetime was estimated by the measured lifetime
of a sample with the lowest doping level available.
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cpe (at%) | 7or (us) | Wi (103 s71)
YLF | 7/q =50 pus
0.02 49.8 0.1
0.23 45.9 1.8
0.34 45.0 2.2
0.38 43.8 2.8
0.64 35.7 8.0
0.65 34.1 9.3
1.35 21.4 26.7
LLF | 7r ~50ps
0.15 46.8 1.4
0.20 47.0 1.3
0.45 34.0 9.4
BYF | 7p =47 ps
0.65 42.6 2.0
1.50 21.1 25.9
2.30 15.9 41.4
KYF | T =48 s
0.10 47.6 <0.1
0.20 46.0 0.7
0.70 43.1 2.2
2.00 24.1 20.5

Table 3.3: Measured 3P, decay parameters of Pr3* in different fluoride crystals
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Determination of the average number of interacting ions

According to Equation 3.15, the average nonradiative decay rate W, =1/7,, can be calcu-
lated with the knowledge of the effective lifetime and the radiative lifetime. The order of
W, with respect to the Pr®* concentration can be obtained by a double logarithmic plot.
Figure 3.16 shows this plot. The slope of a linear fit in this scale determines the order
of the process responsible for the nonradiative decay. In case of all Pr3* doped fluorides
under investigation, the value is close to 2, indicating an energy transfer process where
two Pr®T-ions (a Pr¥*-"pair”) are involved in the quenching processes.
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Figure 3.16: Concentration dependence of the nonradiative decay rate W, of the 3 Py-state
of Pr3*-ions in the different host materials

Determination of the Nature of Energy Transfer Processes

To determine the nature of the nonradiative decay, a more detailed decay analysis is
necessary. This is possible by transforming the decay curve I(t) to a concentration and
lifetime independent form v(t) [Kob73]. I(t) has to be transformed according to

_t/m+ In(I()

u(t) = (3.52)

Figure 3.17 shows the measured data as well as the multipolar- and exchange-induced
excitation energy transfer plots in a double logarithmic scale. It can be seen that the
measured decay curve can not be explained by one coupling mechanism only. In fact, two
mechanisms for excitation energy transfer are dominant: in the first interval from 0 to
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0.2-7g, the measured decay curves can be approximated by exchange-induced CRPs, while
dipole-dipole induced interaction dominates the decay characteristics in the following
microseconds. Investigations on the Nd*":Y3Al;0,5 system had the same result [DT9S].
The discrepancy between the slope of the theoretical and the measured curve is most likely
resulting from the absence of energy migration processes in Equations 3.26 and 3.32.

Determination of the energy migration microparameters

In the first step, the energy migration rate induced by D-D excitation energy transfer W3¢
was determined using Equation 3.53. Fitting was performed from 2-7g to 4-7g. Depending
on the host material, the radiative lifetimes given in Table 3.3 were assumed.

I(6) = Io - exp (—% _ WDDt) (3.53)

Table 3.5 gives the results from the fitting process as well as the calculated values of the
microparameters regarding energy migration. The calculation was performed for the hop-
ping model (Eqn.3.40) as well as the diffusion model (Eqn.3.44). With an increase in
Pr3*-concentration, the migration rate Wpp increases as well.

Discussion

This behaviour can be explained by a decrease in the mean distance between the ions
with higher concentrations, which leads to higher energy migration rates and thus to a
larger nonradiative deexcitation rate. The calculated energy transfer microparameters,
nggf’ and C3 " give information about the regime of energy migration. Depending on
the magnitude of Cps and Cpp, the hopping mechanism or the diffusion model can be
applied. As listed in Table 3.5, for low concentration levels the condition for the hopping
model is fulfilled, while in case of high Pr3*-concentrations, ambivalent results prevent a
classification.

Determination of the Cross-Relaxation energy transfer microparameter

To obtain the microparameter regarding the dd-induced donor-acceptor energy transfer,
Cad | two approaches were pursued:

In the first case, the equation by Inokuti and Hirayama, complemented by a single ex-
ponential factor exp(—Wppt) taking into account the energy migration processes, was
used to fit the decay curves in the time range between 0.2-7g and 2-7g (see Eqn. 3.28).
Application of Equation 3.29 with the appropriate Pr3*-ion density, C’g‘j&’i is determined.

I(t) = I - exp <—i — Wppt — %ﬁ) (3.54)

TR
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The second approach is the direct calculation of the decay curve via Equation 3.25 for the
time interval from 0.2-7g to 2-7g. In analogy to Equation 3.54, the energy migration is
considered by the exponential factor exp(—Wppt) resulting in

t
I(t) = Io - exp (—T— - WDDt) [T (1= ca+caexp(~Wpya, - 1) (3.55)
R l
with y
C S
WDoAz = %27 (356)
0l

To calculate the decay curve directly, knowledge of the distance between rare earth ion
sites as well as their orientation is required. Due to the minor importance of orientation
[Blu81, Dok81], this aspect was neglected in the calculations. The distances between
the Y37 or Lu" lattice sites in YLF, LLF, BYF, and KYF were taken from [Tho61,
Kam93b, Gui93, Pie74|, respectively and calculated with the software included in the
FindIt structural database. Taking into account neighbouring ions in a sphere of 30 A,
about 1300 crystal sites were included in the calculations. The fit of the decay curves
using this model directly resulted in determination of the donor-acceptor energy transfer
microparameter, Cg‘i,s.

Table 3.4 contains the microparameters obtained by the continuum approximation and
the direct calculation via summation. They are are in the range of some 1073% cm®s1,
and thus in the same order of magnitude as reported for Nd**-ions or Tm?3*-ions [Vor82,
Sou02a, Sou02b]. In contrast to former reported results, the ratio between the results
from the continuum approximation and the direct summation is small [Bur78].

From the theoretical point of view, C34 should be independent of the donor and acceptor
concentration. However, this is not confirmed by the experimental results. In a former
study on energy transfer between Yb3T-ions and other rare earths, Bolz realized this
aspect, too [Bol01]. He suggested the reasons for this behaviour are upconversion as well
as cross-relaxation processes or metastable levels from the acceptor ions which are not
considered in the applied model.

A rough approximation of the maximal distance between two interacting ions can be
made by equating the radiative decay rate 7' (3.11) and the cross-relaxation rate (3.56)
resulting in

Re = (C4 ) V/6 (3.57)

The radius R¢ of the sphere, where the nonradiative decay rate is higher than the ra-
diative decay rate and thus, quenching effects should be visible, is (71£6) A, (82+11) A,
(67416) A, and 63 A in case of YLF, LLF, BYF, and KYF, respectively. Assuming a ho-
mogeneous distribution of Pr®*-ions occupying suitable host lattice sites, the spheres are
occupied by more than one Pr3*-ion at a concentration of 0.020at.% in YLF, 0.013 at.%
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cpr | C84 (continuum) | C34 (summation)
(at.%) | (10732 em® s71) | (1073 cmS s71)
YLF
0.34 4.7 5.2
0.38 2.2 2.2
0.64 1.8 1.9
0.65 2.6 2.7
0.70 1.6 1.4
1.35 3.3 3.4
LLF
0.15 3.4 3.9
0.20 3.0 3.4
0.45 10.5 14.1
BYF
0.65 0.3 0.3
1.50 0.4 9.5
2.30 2.9 2.9
KYF
2.00 1.2 1.4

Table 3.4: Calculated cross relaxation energy transfer microparameters (see text)
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Cpr Wop il opr | et | Model
(at.%) | (103 s71) | (10739 cm® s71)
YLF
0.34 0.7 5.2 5.2 | 13.0 | hopping
0.38 12| 221 225 258 | hopping
0.64 33| 1.9 247 25.9 | hopping
0.65 3.9 2.7 | 22.3 | 27.4 | hopping
0.70 4.5 1.4 | 43.2 | 41.4 | hopping
1.35 8.6 3.4 4.7 | 10.4 | hopping
LLF
0.15 12] 39 402 213 [ hopping
0.20 0.7 3.4 | 57.5 | 55.6 | hopping
0.45 23| 141 5.2 | 18.1 —
BYF
0.65 0.8 0.3 9.5 | 7.4 | hopping
1.50 6.9 5.9 1.5 | 5.7 —
2.30 9.7 2.9 1.0 3.6 —
KYF
2.00 62| 14| 07| 23] —

Table 3.5: Calculated energy migration microparameters (see text)

in LLF, and 0.025 at.% in BYF and KYF. This is in contrast to the experimental results.
The mean concentration level where quenching processes are detectable is ~0.3 at.% in
case of YLF. Thus, the acqired energy transfer microparameters are too high, because the
calculated concentration limits would predict cross-relaxation processes at concentration
levels where the excited states still are decaying single exponentially.

Application of the Judd-Ofelt-Theory in case of the energy transfer (!Ig, 3H,) — (!Ds,
3Hg) is possible, but not for the mechanism (3P, 3Hy) — (!Dy, 3Hg), because the reduced
matrix elements of the transition (*Py —!Dy) equals zero. The resulting energy transfer
microparameter C{4 is 1.6x107* cm®~!. This value is orders of magnitude lower than
the results obtained by the fitting procedure and supports the considerations made before.

These large discrepancies can be explained by the distribution of the Pr3*-ions inside the
crystals. The formulas herein assume a homogeneous ion distribution. At least for YLF
and LLF this is only a rough approximation. Further details will be given in the low
temperature spectroscopy results in Section 3.4. Nevertheless, the parameters obtained
by summation will be considered in the last step.
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cpe (at.%) | Ro (A) | L (A)

YLF
0.34 6.2 0.2
0.38 6.9 0.4
0.64 7.3 0.8
0.65 7.7 1.0
0.70 7.8 0.9
1.35 8.4 1.9
LLF
0.15 8.9 0.1

0.20 38.3 1.1
0.45 10.6 0.5

BYF
0.65 7.6 2.1
1.50 6.6 4.6
2.30 8.3 2.0
KYF

200 124] 02

Table 3.6: Calculated parameters for (super-)exchange induced energy transfer

Determination of the parameters regarding exchange-induced cross-relaxation
energy transfer processes

Finally, the time interval from Os to 0.2-7g was calculated taking into account exchange
as well as dipole-dipole interaction and energy migration (Equations3.55 and 3.58). To
receive reasonable results, the parameters for dd induced cross-relaxation and energy
migration were fixed. In this way both the effective Bohr radius L and the critical distance
R¢ could be acquired.

cdd 1 [QRC ( ROZ)]
Wpoa, = —2 + —exp | — (1 — == 3.58
DoAy R(G)l = p L RC ( )

Table 3.6 shows the results of the calculations. The critical distances for exchange-
induced cross-relaxations are in the range from about 7A to 11 A, which means every
praseodymium ion within a sphere of 11 A around an excited praseodymium ion can act
as an acceptor. The determination of the effective Bohr radius however shows large dis-
crepancies: depending on the crystal structure, values from below 0.1 A up to 2.7 A were
obtained. These values contain a large uncertainty because the model does not consider
an inhomogeneous ion distribution.
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Discussion

Lupei has been investigating the exchange-induced energy transfer mechanism in the well-
known system Nd3T:Y3Al;0,, for several years and received comparable results for R¢
[DT98, Lup00]. In this system, the critical distance was in the range from 5A to 10 A.
Concerning the effective Bohr radius L, values from 0.5 A to 1.0 A have been reported.
These results are in accordance with the obtained data from the Pr?t-doped fluorides
which were investigated in this work.
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3.4 Low Temperature Results

In this section spectroscopic results of both YLF and LLF performed at cryogenic tem-
peratures will be presented. Because these crystal systems behave identically, the spectra
were taken from different samples and concentrations. After introducing the results ob-
tained by absorption measurements in Section 3.4.1, site-selective emission spectroscopy
leads to the results discussed in 3.4.2. Further investigations on the Pr3*-ions in these
Scheelite-type structures regarding excitation and lifetime measurements are presented in
the last section.

3.4.1 Low Temperature Absorption Measurements

The spectral behaviour of praseodymium ions in the Scheelite-type structures YLF and
LLF have been investigated under cryogenic temperatures of ~10 K. The absorption co-
efficient of the transition 3H, — 3Py at 479.32nm is displayed in Figure 3.18 for different
Pr3*-concentrations. The spectral resolution was set to 0.03nm and the measurement
stepwidth was 0.01 nm for these measurements.
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Figure 3.18: Absorption spectrum of Pr®*:YLF on the transition *H,—3P, measured at
10K (E]¢)

Due to the thickness of the highly doped sample (0.65at.% Pr®"), the peak absorption
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coefficient could not be determined and the data points around the maximum have been
removed. Nevertheless, several information can be found in the spectra. From the theo-
retical point of view, the ?Py-level should not show any Stark splitting, because the total
angular momentum equals zero. However, the ground state absorption into the 3Py occurs
at several wavelengths. Beside the main peak absorption at 479.32nm (#3, 20863 cm™1),
two strong lines, #2 and #5 at 479.26 nm (20866 cm ') and 479.44 nm (20858 cm™!) have
been detected, respectively. Furthermore, two other ground state transitions can be found
at 479.19nm (#1, 20869 cm™') and 479.38 nm (#4, 20860 cm™'). Possible explanations
for the existence of multiple absorption peaks are as follows:

1. At least one of the energy levels 3P, or 11 possess Stark levels in this energy range.
With respect to the published data of Stark levels from Pr3*:LiYF,, any Stark level
from the 3P, or 'Ig is located more than 223cm™! above the 3Py [Est79, Ada85.
This energy difference corresponds to a wavelength difference of ~5nm.

2. The absorption bands are due to impurities from other rare earth ions or other
metal ions inside the crystal matrix. In case there are reasonable amounts of other
rare earth ions in the crystal, only Sm3*, Th3* or Er3* are actually absorbing in
the spectral region around 480 nm. However, excitation of the sidebands did not
lead to characteristic spectra of any rare earth ion besides Pr3*. Although it is not
possible to exclude the occurrence of other impurities, no evidence of any influence
on the effects investigated have been found.

3. The host lattice matrix is not perfect and thus enables different environments for
rare earth ions. In this case, the distorted environment leads to slightly different
energies of the 3Py level and thus to different absorption wavelengths. Although it
is well-known that any crystal contains defects like dislocations, imperfections or
colour centres in the lattice, no information regarding the defect density of YLF
single crystal has been published yet, to the best of the authors knowledge. Nev-
ertheless, colour centre generation by ultrashort pulses has already been demon-
strated in Tm>":YLF [Cou07]. But even without exposing YLF single crystals to
high-intensity radiation, defects have been found via spectroscopic investigations
of Nd*":YLF. In the same way as shown in Figure 3.18, Barthem discovered five
satellites in absorption spectra taken at 1.5 K [Bar86]. In his interpretation, the dis-
covered satellite bands resulted from the formation of different Nd3*-pairs. Thus,
Pr3*-ions in the YLF host lattice might form pairs as well.

Considering the probability of the explanations discussed above, the third one seems to be
the most promising one. Additional measurements investigating the local site symmetry
of the Pr3*-ions in YLF using ESR?-measurements did not result in usable data. The
signal-to-noise ratio of the investigated samples was too low. The hypothesis of pair
formation will be confirmed in Section 3.4.3.

2ESR: electron spin resonance
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3.4.2 Low Temperature Emission Measurements

Using a narrowband OPSL as excitation source, site-selective fluorescence spectra were
recorded from the cooled crystals. Figure3.19 shows the measured spectra for E | ¢
polarization for Pr*(0.23 at.%):YLF. Here, the spectral resolution and the data interval
was set to 0.2nm and 0.066 nm, respectively. As excitation wavelengths, 479.32 nm (Figure
3.18 #3) and 479.44nm (Figure 3.18 #5) were used. The other excitation wavelengths
either led to a significantly lower signal level or did not show any fluorescence at all, which
might indicate closely spaced and thus strongly quenched Pr3*-pairs.
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Figure 3.19: E || &polarized emission spectrum of Pr3+(0.23 at.%):YLF measured at 10K
under different excitation wavelengths

Two interesting aspects arise from the fluorescence spectra: on the one hand, the Pr3+
ions at sites #3 and #5 possess slightly different energy level schemes and on the other
hand the polarized Pr3T-fluorescence near 604 nm is by far the strongest line of emission,
as Hashimoto recently found out [Has07b]. With increasing temperatures the emission
intensity at 604 nm is decreasing significantly. The reason for this behaviour is still un-
certain. Amplified spontaneous emission at this wavelength has been found at higher
pump intensities, but has been suppressed during the measurement process by reducing
the output power of the excitation source to 6 mW, limiting the excitation intensity to
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3 Spectroscopic Investigations on Praseodymium doped Fluorides

12W/cm? in the sample. The influence of the broad GSA bands into the ' Dy state around
595 nm (Figure 3.9) is not strong enough to suppress such a strong fluorescence signal.

3.4.3 Low Temperature Excitation and Lifetime Measurements

Because the fluorescence at 604 nm is dominant, this spectral region was investigated in
further detail by excitation spectroscopy and lifetime measurements.

Figure 3.20 displays the results obtained under cw-excitation by the OPSL. These mea-
surements were performed with a spectral resolution and a data interval of 0.03nm and
0.01 nm, respectively. As it can be clearly seen from the figure, the emission wavelength
changes when exciting different sites. In the spectral region around 604 nm three different
emission wavelengths have been found. The emission at 604.29 nm refers to the ion class
#3. Excitation close to the corresponding absorption wavelength of 479.32 nm leads to a
strong fluorescence signal. Emission at 604.40 nm is induced by excitation of ion class #5
while the transition at 604.49 nm can be excited by tuning the excitation wavelength to
479.52 nm.

These results indicate no energy transfer occurring from class #3-ions to class #5-ions.
In contrast, emission from class #3-ions occurs at every shown excitation wavelength.
This is most likely due to their broad absorption characteristics. An interesting aspect
is the incorporation of Pr3* ions into the different sites in crystal matrix of YLF. The
concentration dependence of incorporated Pr®** ions can be determined by measuring the
emission spectrum under excitation of ion class #5. In this case, both classes #5 and #3
show fluorescence. Assuming that most of the ions are of class #3, direct comparison of
the fluorescence intensity of #5 scaled by the emission of #3 results in the concentration
dependence. In Figure3.21 the maximum emission intensities of both #3 and #b5 are
shown in a double logarithmic plot. The slope of the emission intensity of site #3 has
been adjusted to be 1 (at.%)~!, meaning a concentration scaled intensity. Under these
conditions the slope of emission intensity of class #5 ions was roughly 4.6 (at.%)~!. This
result states a highly increasing amount of Pr3*-ions located at this type of lattice site
with increasing Pr3-concentration. Due to the large discrepancy of the ionic radii of Y3+
and Pr3*, lattice distortions in the neighbourhood of Pr3*-ions seem to emerge in the
Pr3*:YLF-system.

The excitation source for the decay measurements was an optically parametric oscillator
(OPO) operated in pulsed mode providing a pulsewidth of 30ns. The excitation wave-
length width was AA~0.2nm at 479.3nm. Thus, the excitation spectra are not fully
resolved and the measured linewidth is not resembling the intrinsic linewidth of the Pr3*-
system. However, the qualitative behaviour can still be discussed. The resolution for the
decay curves was limited by the spectral resolution of the 0.5 m monochromator. Suffi-
cient signal was obtained from the emission from the ions of class #3 and #5, but not for
the transition at 604.49 nm. Thus, the smallest emission peak has not been characterized.

Figures 3.22(a) and (b) show the decay characteristics of class #3 and class #5 Pr3*-
ions for different concentrations in semilogarithmic scale. The decay curves in 3.22(a)
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show single exponential decays which are almost independent of the Pr3* concentration.
Because the associated absorption peak is present even at very low concentration levels
and the excited state decays exponentially, ion class #3 refers to Pr3*-ions on regular
Y3t /Lu®t lattice sites in the YLF/LLF single crystal. These ions do not interact with
other dopant ions at these temperature levels.

The decay curve of class #5 ions shown in Figure 3.22(b) featured two decay constants.
A fast decay is dominant during the first 2.5 ps after the excitation pulse and a slower one
at longer timescales. Due to the low temperature of ~10 K, and thus a reduced capability
of energy transfer, these decay curves cannot be explained by a single class of ions only.
In fact, two different ion classes are contributing to the emission at the investigated wave-
length. In the following discussion the class having a high nonradiative decay rate will
be referred to as #5a and the second, slow decrease in fluorescence intensity is a result of
the decay of ions of class #5b.

The high nonradiative decay rate of ion class #5a must be a result of fast CRPs lead-
ing to a fast increase of the population of the 'Dy and !G4 energy levels according to
Figure3.13(b). In the same time interval, many ions of class #5b are still excited be-
cause of the lower decay rate. A comparison between the decay rates of class #3 ions
(W3 =2.3x10"s7") and class #5b ions (Ws, =3.1x10*s™!) shows a clear difference. Due
to the single exponential decay, it is most likely that the class #5b ions have a slightly
different crystal field but do not interact with other impurity ions.

The corresponding excitation measurements at Pr3":LLF are shown in Figure 3.23. The
data confirms the assumptions made earlier. Class #3 ions are excited by the largest peak
of absorption only. By contrast, the ions associated to classes #ba and #b5b feature a
double peak structure in the excitation spectrum, which can be explained by two closely
spaced Pr®*-ions, whose electron wave functions are overlapping. Due to the overlap of
the optically active electron shells the two ions form a pair that must be treated as a
single dimer system with the quantum mechanics formalism. Since the wave function of
the coupled system need to fulfill Pauli’s exclusion principle, the two single ion cannot
have identical energy levels. The coupled system shows the so-called Davydov splitting
for all single atom energy levels into two states|Mor65]. The overlap shifts the energetic
states of the interacting ions and enables fast excitation energy transfer between these
ions. Thus, it is most likely that Pr3*-ions of class #5 are located at distorted crystal
sites. Furthermore, the slightly asymmetric excitation peak heights might be a result of
the two different ion classes #5a and #5b. lon class #5b corresponds to one excitation
wavelength only and thus supports the assumption of a single ion at a distorted lattice
site. Considering the excitation spectrum for ' Ds-emission, it becomes clear that !D,-
emission occurs when Pr3*-ions are excited to the 3P-state even at low temperatures.
The shape and position of the excitation peak indicates several crystal sites contributing
to the excitation population of the ! Dy state. The excitation peak is not symmetrical but
has a satellite where class #5a and #5b ions are absorbing. This might point at a more
reasonable amount of these ions providing excitation energy to the ! Dy-level compared to
class #3 ions.
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3.4.4 Temperature Dependence of the *P, Decay Characteristics

With the knowledge obtained from the last two sections, the temperature dependence of
the 3Py decay characteristics of Pr3T:YLF crystals with reasonable dopant levels can be
explained. According to Figure 3.24, a nonexponential decay can be found within the first
10 microseconds after excitation at 300 K. Long-ranged electric multipole or exchange
induced interaction generates the nonexponential part. With decreasing temperature
down to 100 K, the decay curve changes to a single exponential curve.
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Figure 3.24: Temperature dependence of the 3Py-decay in Pr®7(0.65 at.%):YLF under
direct excitation

The reason for this behaviour can be found in the reduction of the linewidths in absorption
and emission, leading to a significantly reduced microparameter (cf. Equation 3.18). With
decreasing temperature, several nonradiative energy transfer channels are most likely
"frozen” out resulting in an increased fluorescence yield. At 100K, the different sites
found in the low temperature measurements are still able to transfer their energy in a
microscopic scale. Further reduction to 10K leads to further uncoupling of these ion
classes. This process results in an average decay curve, which is nonexponential in the
first 6 microseconds and single exponential afterwards.

67



3 Spectroscopic Investigations on Praseodymium doped Fluorides
3.5 Summary

In this chapter, the incorporation behaviour of praseodymium ions in the fluoride crystals
YLF, LLF, BYF and KYF have been investigated using optical spectroscopy. Effective
cross-relaxation processes resulting in nonradiative decay rates of some thousands of s=1
have been found. The nature of interaction between Pr3T-ions at room temperature re-
sults from (super-)exchange and dipole-dipole interaction. Typical distances of interaction
are about 9 A in case of (super-)exchange and about 70 A in case of dipole-dipole induced
interaction. By reducing the temperature below 100 K, several nonradiative energy trans-
fer channels are most likely ”frozen” out and the luminescence from the different sites
found in the low temperature measurements becomes observable. Further reduction to
10K leads to further uncoupling of the different ion classes.

A more detailed study on the most promising crystal structures for efficient laser action,
YLF and LLF, revealed more than 5 ion classes which correspond to different sites in the
host lattice. By all means available, 3 of them could be identified. Besides the Pr3T-ions
on regular Y3+ /Lu®*-sites, one more ion class which is not influenced by excitation energy
transfer has been found. However, it corresponds to an irregular lattice site. An increase
in the ion concentration revealed a tendency to cluster even at Pr3t-concentrations of
0.22 at.%. This is not surprising considering the ionic radii of the host ion and the dopant
ion. By incorporation of large dopant ions, local stress is induced in the host matrix.
This can be compensated by voids, for example. The last type of Pr3*-ions found in
the spectroscopic investigations performs efficient energy transfer most likely induced by
the exchange mechanism. These ions are located at irregular sites and contribute to the
population of the ! Dy energy level strongly.
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4.1 Fundamentals

In this section basic properties of the methods applied during the laser experiments will
be given. After a brief introduction to the rate equation model used to describe the
properties of a 4-level laser system, key aspects of second harmonic generation and active
Q-switching will be presented. The concluding parts contain general information about

the pump laser systems used in the experiments, namely frequency doubled optically
pumped semiconductor lasers (OPSLs) and GaN-based laser diodes (GaN-LDs).

4.1.1 Laser Principles
Rate Equation Model

In order to obtain laser oscillation, population inversion is necessary. Population inversion
regarding the energy levels 1 and 2 (see Figure 4.1) is obtained when the population density
N, of a higher located energy level (energy Fjs) is larger than the population density N
of a lower energy level (energy Fj). As a result, amplification of light of the frequency
I/L:h_l(EQ-El) by stimulated emission can be achieved under these conditions. By
designing an optical cavity, which enables an electromagnetic standing wave inside, laser
oscillation can take place. A more detailed discussion of the employed optical cavities
used can be found in Section4.3 in this work. A large overview of laser cavity design
aspects and explanations can be found in [Sve89, Koe99].

Many well-established lasers are 4-level laser systems like for example Ti*T:a—Al,Os,
Nd?**+:Y35Al50,5 or Pr3t:YLF. Figure4.1 shows the energy level scheme of Pr3* in YLF
with optical transitions in the visible spectral region. Direct excitation of the upper laser
levels (3P, or 3P, population density N;) can be achieved efficiently by two wavelengths,
either 443.9nm or 479.6 nm. Using a GaN-LD, Pr3*-ions can be excited from the ground
state *H, (population density Np) into the 2P, level (population density N3) followed by
a fast relaxation as indicated or by using an OPSL which directly excites at the short
wavelength wing of the ground state transition into the 3Py. Depending on the effective
lifetime of the upper laser level, population inversion with respect to the lower laser levels
(3Fy, 3Fy, 3Hg or 3H;, population density N;) is generated by these pump sources. If
the lower laser level is efficiently depleted, laser oscillation is possible at the transition
from the upper to the lower laser level. In principle it is possible to obtain inversion by
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Figure 4.1: Energy level scheme of Pr3":YLF with the investigated 4-level-laser transi-
tions. IV; and E; denote the population densities and energy of state j

absorption of a single pump photon. This is the major advance of 4-level laser systems in
comparison to 3-level lasers, where the laser transition ends in one of the Stark levels of
the ground state, which is thermally populated at ambient temperatures.

To describe the power characteristics of a laser system, rate equations are used. In case
of the ideal 4-level laser operating in the continuous wave mode (cw) the following rate
equations are considered [Sve89:

dN2 N2

— =WpNy — BgNy — — 4.1
di PiVo qiva i ( )
d 1
d—q — V.BNyq — —q (4.2)
t Te
N, = Ny + N, (4.3)

Here, Wp denotes the pump rate, ¢ is the laser photon number, N; denotes the total
ion density, and Vi, denotes the volume of the laser mode inside the active medium.
Equation 4.1 describes the temporal behaviour of the population of the upper laser level.
The population is on the one hand increased by the pump rate but on the other hand
decreased by the laser transition and spontaneous emission. Equation 4.2 resembles the
laser photon number inside the optical cavity. The first term reflects the increase of laser
photons by the stimulated emission process while the second term describes the reduction
of the photon number by output coupling and other loss processes inside the cavity. This
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is represented by the photon lifetime 7.. The last Equation (4.3) provides a constant ion
density. Due to the fast relaxation processes, the population densities N3 and N; are
neglected.

The rate equation system described above does not consider the initial condition of laser
oscillation caused by spontaneous emission. In Equation 4.2 the photon growth rate would
remain zero for all times if no laser photon is present in the beginning. The following
equations are stationary results of the already started laser oscillation process. In this
case the missing initial conditions have no effect. However, for a numerical simulation
process these conditions have to be considered.

The parameter B is given by

O'GCOZ O'eCOZ

B= - .
WL V(L + (n—1))

(4.4)

Here, 0. denotes the emission cross-section of the laser transition. The parameter L’ is the
effective cavity length which takes into account the refractive index of the active medium,
L is the cavity length and [ is the crystal thickness.

Introducing the inversion population density N; = N, — N; = N, the rate equation system
can be transformed to

dNi Ni
= Wp(Ny — N;) — BgN; — — (4.5)
dt Teff
dq 1
Y VBN - — 4.
dt n q ch (4.6)

In case of continuous wave lasing dN/dt =0 and dq/dt =0 holds. The threshold inversion
can be derived from Equation 4.6

1 gl
Ny = ——— = — 4.7
th VLB1. 0l (47)
where v = L'/(1.cy) are the roundtrip losses of the optical cavity. Ny, is the value of the
population inversion where the gain compensates these losses. The losses can be separated
into the internal losses 7; =-In(1-L;) and the losses originating from the cavity mirrors
v =-In(1-T7) and 5 =-In(1-T3) according to

Nty
Y=+ 12 2 (4.8)

The parameters 77, 15 and L; denote the mirror transmissions and the losses caused by
the active medium, respectively.

The pump rate for the threshold condition Wy, is determined by Equations4.6 and 4.7
resulting in

71



4 Laser Experiments

Nthr —~ Nthr o Y

Wine = ~ - .
th (Nt - Nthr)Teff NtTeff NtlTeffo-e

(4.9)

Under these conditions, the laser photon number equals zero. An increase in the pump rate
Wp above Wy, results in an increasing photon number ¢, while the inversion population
remains constant at Ny,,. The photon number can be described by

Ninr Te [ W]
q = VLTC (WP(Nt — Nthr) — th ) = VLNthr_ ( L — 1) (410)

Teff Teff

resulting in the laser power transmitted through mirror 2

Y2Co Yohv, Vi, [ Pabs
Py, = h = —-1]. 4.11
2 L L UeTeHl ( Pchr ) ( )

Here, P,;s denotes the absorbed pump power and P, the absorbed pump power at the
laser threshold

hvp Vi
P = WanhipVi N, = 12 7L

. 4.12
UeTeffl ( )

A second parameter describing the power characteristics of a laser is the slope efficiency
ns. It is the derivative of the output power with respect to the absorbed pump power

dby — hnVi v v e (4.13)

= dPabs B OeTeffl Pthr B vp 27

The slope efficiency is proportional to the quantum defect nq = (v1,)/(vp)as well as the
ratio between the output coupling losses and the total cavity losses 72 /(27) = To/(To+ Li).

These results are valid for ideal 4-level lasers exhibiting no other loss channels for the
laser process such as reabsorption of the laser photons, ESA- or energy transfer processes.
By introducing different loss channels, Equations 4.12 and 4.13 must be extended to

h
p, = Ml (4.14)
UeTeffln/
and
WV 2 ’ T2 " TQ
ez _ . 4.15
s =1 ooy =M = o (4.15)
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Here, n' denotes all efficiencies which influence the laser performance, 1o denotes the
geometrical overlap efficiency of the pumped volume and the laser mode in the active

medium and 7" =1’ /no denotes other loss processes affecting the laser!.

Reabsorption losses can be introduced in the initial rate equations by terms linear in
population densities. They are essential for 3-level laser systems and have been studied
in detail by Risk [Ris88]. In contrast, energy transfer processes like cross-relaxations or
upconversion processes are two-ion processes and need to be introduced by terms quadratic
in population densities (see for example [Osi03al). As a result, such a rate equation system
can only be solved numerically. Due to unknown coupling parameters of the CRPs shown
in Figures3.13(b) and 3.14(b), the influence of these processes for the Pr®*-lasers have
not been investigated in detail.

The influence of CRPs on the slope efficiency is reduced if high laser intensities in the
active medium are achieved. Danielmeyer [Dan76] defined the so-called stimulated lifetime

T8 = E7'eff. (416)
1

With this parameter, an estimation of the power level where CRPs do not have any effect
on the slope efficiency is possible. In Equation4.16 I denotes the laser intensity and
Is= P denotes the saturation intensity of the laser transition. If I > Ig, the influence
of CRPS is reduced because the rate of stimulated emission exceeds the cross-relaxation
rate. The necessary intensities for some of the investigated samples are estimated in
Section 4.4.1.

Loss Determination

To determine the internal residual roundtrip losses of a given laser cavity, two methods
were applied. The first method, introduced for 4-level laser systems by Findlay and Clay
[Fin66], takes into account the dependence of the laser threshold power Py, on the total
losses 7. By assuming a completely reflecting mirror M; which corresponds to v, =0
Equation 4.12 can be transformed to

20 Tet!

th VL

Yo = P — 29 = Ko P — 2% (4.17)
The parameter K¢ denotes the parameter proportional to the small signal gain coefficient.
By plotting v9 with respect to Py, and performing a linear fit, the internal losses ~; can
be determined with an extrapolation to Py, =0.

The second method for determining the internal losses was presented by Caird et al.
[Cai88]. Here the dependence of the slope efficiency with respect to the output coupling
losses 5 + 71 is used. Assuming again v; =0, Equation4.13 can be written as

LOther efficiencies are for example the pumping efficiency or the energy transfer efficiency in case of
codoped systems.
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1 (1 N 2%) (4.18)

s 1Q 72

From the linear dependence of ng ! with respect to 7, !, two parameters can be obtained.
At the condition ;' =0, the slope efficiency 7s equals 7q, the quantum defect, which is
the maximum obtainable slope efficiency. The internal losses 7; can be determined from
the slope of the linear fit.

Laser Beam Characteristics

Laser beams originating from solid-state lasers usually feature beneficial beam properties.
The most important are described in the following paragraphs.

Let the z-axis be along the resonator axis and the transversal intensity profile to be
Gaussian. In this case, the laser beam radius w(z) follows the equation

w(z) = woy /1 + (i)g. (4.19)

<R

The laser beam radius w of a Gaussian beam is defined as the shortest distance from the
beam axis to the location where the intensity is reduced to 1/e?. The Rayleigh length
zr describes the near-field expansion of the beam. It is defined as the distance from the
position of the beam waist wy to the position where the beam radius equals v/2w, and
can be calculated by

nTwi  wp

ZR = >\M2 = 7 (420)

Here, n denotes the refractive index of the medium at wavelength A. The angle € describes
the far field of the laser beam and is half of the angle of divergence. It is given by
Equation 4.21,

M2

nwom

0 (4.21)

The confocal parameter b is equivalent to the Rayleigh length. It is connected to zgr by
b=2zr. The beam quality factor M? takes into account the deviation of the transversal
intensity profile of a laser beam with respect to a Gaussian profile. For a Gaussian beam,
M? =1, while any deviation leads to M? > 1. In general, the beam quality factor for solid
state lasers can reach 1. Such beams are called diffraction limited.

M? is measured by determining the beam parameters wy and 6 of a focused beam. By
combining Equations4.20 and 4.21, one obtains
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nmwwyt

M2
A

(4.22)

4.1.2 Second Harmonic Generation

This section gives a brief overview of second harmonic generation (SHG). A more detailed
description of the effects can be found in [Boy95, Sut96].

When an electromagnetic wave passes a dielectric medium, the electrons in the medium
are deflected with respect to their equilibrium condition. As a consequence, these induced
electric dipoles generate a macroscopic polarization P. At sufficiently high intensities, the
induced polarization cannot be described by a linear dependence on the incident electric
field E but higher orders in E have to be taken into account as well. Each component of
the induced polarization vector follows the equation

(1)

ij

O B EE + ... (4.23)

P = ex;; By + EOXi(ij)EjEk + €oXj;
Here, €, denotes the electric permittivity of the free space and y™ denotes the tensor of
the dielectric susceptibility of rank m+1. SHG occurs when the components of y? are
different from zero. This is true in case of non-centrosymmetric crystals. Due to x®, the
induced polarization oscillates not only with the frequencies of the incident waves w; and
wy but also with 2w, 2wy, w1 +ws, and wy-wsy. The first two are called SHG, while the
third and the fourth are labeled sum frequency generation (SFG) and difference frequency

generation, respectively.

Due to the dispersion of the crystal, the electromagnetic waves with w and 2w see dif-
ferent indices of refraction n, and ns,, respectively. As a result, the phase difference
between the initially generated wave and the wave generated along the optical path in-
creases. After passing the coherence length L¢= m the phase difference reaches
A/2 and the SHG-radiation is converted back to the fundamental wave with frequency w.
To obtain SHG over larger distances, the phase velocities for the fundamental and the
second harmonic wave must be matched. This can be achieved using the birefringence
of uniaxial or biaxial crystals. They have two refractive indexes for a given direction of
propagation E, corresponding to two orthogonally polarized beams. By an appropriate
choice of polarization and propagation direction it is possible to fulfill the phase matching
condition

Ak = kg — 2k, = 0, (4.24)

due to

An =n, — ny, = 0. (4.25)
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The directions for the phase matched SHG-condition are obtained by considering the
intersection of the ellipsoid of the refractive index for the fundamental and the second
harmonic wave. Two types of processes are possible regarding the orientation of the
incident fundamental beams: In Type I nonlinear processes, both polarization vectors are
parallel while in case of Type II nonlinear processes, the polarization vectors are oriented
orthogonally. Furthermore, a distinction between the so-called critical phase matching
(CPM) and non-critical phase matching (NCPM) is done. In case of NCPM, the angle 0
between an optical axis and & must be equal to 90° (90° NCPM) or 0° (0° NCPM), while
in case of CPM, 6 can differ from these values.

The birefringence of the nonlinear crystal compensates the phase difference between the
fundamental wave and the SHG wave, but also affects the direction of the energy flux given
by the different Poynting vectors P, and P,,. This phenomenon is called the Poynting
vector beam walk-off. In case of NCPM, no beam walk-off is occurring.

The following calculations are valid for intracavity SHG of a plane wave and no thermal
effects in the laser medium. In this case, the power of the SHG-radiation can be calculated
by [Agn02]

2

7rw L L ’ k v
with A2 d2 12 w2
b= A2 2 nf; w; 427

Here, Is=huv, /(0.Te) denotes the saturation intensity, k is the effective nonlinearity of
the nonlinear crystal in use, Zy =377 () represents the vacuum impedance, [ is the length
of the nonlinear crystal, ny,, is the refractive index at Ao, w; and wy are the beam waists
in the laser crystal and in the nonlinear crystal, respectively, and /2 is a factor that
takes into account the phase mismatch between the fundamental and the second harmonic
wave in the second pass through the nonlinear crystal. K¢, L;, and P,,s denotes the small-
signal gain coefficient, the linear cavity losses, and the amount of absorbed pump power,
respectively. The output power is quadratically dependent on the absorbed pump power
P,1s and the effective nonlinearity of the crystal. Furthermore, an increment in SHG power
can be achieved by increasing the crystal length [ and the effective nonlinear coefficient
def -

4.1.3 Active Q-Switching

The following paragraphs describe the basic principles of actively Q-switched laser oper-
ation. A more detailed overview can be found in [Sve89, Sie86, Koe99].

Figure 4.2 displays the dynamics of a Q-switched laser system. Initially, the cavity losses
are high enough to suppress cw laser oscillation (a). During this time, gain is increasing
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Figure 4.2: General dynamics of a Q-Switched laser system [Sie86]

until reaching a certain level (b). In the next step, the losses are fastly reduced to a very
low level determined by the output coupling and the internal losses of the cavity (c). At
this moment, the gain exceeds the laser threshold and the photon number in the cavity
increases very fast and strongly, while the gain is reduced simultaneously. When the loss
rate exceeds the gain in the active medium, the photon number reduces again and the
inversion is below the level necessary for cw laser operation (d). At this point, losses are
set to a high level again and the cycle starts anew.

The storable energy Fj in an active medium can be calculated by the formula

Es = VLhvp WeTeg (4.28)

with
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_ JanaPpAp

We = 4.29
P VLhCO ( )

denoting the pump rate, and f5 denoting the fraction of population determined by Boltz-
mann’s equation of the upper laser level. 7, is the fraction of energy absorbed in the
material featuring an absorption coefficient o and a thickness [ given by 7, = 1-exp(al).

The initial population inversion density n; for a repetition rate fq is given by

n=n (t = é) = WpTes [1 — exp (_TefflfQ>:| ) (4.30)

To calculate the population inversion density after generating the pulse, n¢, the following
assumptions will be made according to [Deg89]:

1. During the pump interval, both, pump rate and spontaneous decay are dominant.
The laser photons inside the cavity are neglected resulting in the validity of Equa-
tion 4.30.

2. To determinate the pulse characteristics, only the fastest processes will be considered
resulting in neglecting the pump rate and the spontanecous decay.

3. The Q-switching process is instantaneous and will only be considered by the bound-
ary conditions.

These assumptions give a result for the inversion population n; in case of the interval
where the Q-switch is off (low loss regime):

e (1) o] "

Here, R is the reflectivity of the output coupling mirror.

With these results, the inversion population after pulse generation n¢ can be determined
by

T

ny — ng = ng 1n (—1) . (4.32)

nt

With the values of n;, ny and n; the pulse peak power P,.., the pulse energy Ep and a
rough value of the pulse duration At assuming a rectangular shape can be calculated:

~ Vhvpe 1 n;
(D @)
In

)
ln(

I (5) + L

—~
==

Ep = VLhVL<Tli — Tlf) (434)

==
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Ep

At ~
Pmax

(4.35)

For estimation purposes the usable amount of energy FE., .. stored in the laser crystals can
be approximated by

Emax = Pmax,cw’reff- (436)

Here Ppaxcw denotes the maximum of the output power obtained in the cw experiments
at the same pumping level. The pulse efficiency np can be calculated by

Ep
Emax

Ep

P, max,cw T eff

np = (4.37)

Pyps

abs

It resembles the fraction of the extracted pulse energy with respect to the maximally
storable energy.
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4.2 Pumping Sources

4.2.1 Optically Pumped Semiconductor Lasers

Optically pumped semiconductor lasers are part of the VECSEL? technology and combine
several key technologies. The laser cavity has a thin-disk geometry where the RE-doped
dielectric crystal is replaced by a semiconductor chip. Thus, the beam quality of the
laser radiation is enhanced in comparison to widely used semiconductor edge emitters.
The resulting laser beam is circular and nearly diffraction limited. Due to the disk laser
setup, the thermal gradient is along the optical axis and does not affect the beam quality
in case of higher output powers. The semiconducting chip, namely a surface-emitting
semiconductor active mirror structure, is pumped optically. The semiconductor chip
contains a distributed Bragg reflector structure over which an active region featuring
several quantum wells is grown. Due to the broad absorption characteristics, no constraint
in wavelength stability of the pump laser is imposed. The absorption length is typically
~(0.8um so that the pump radiation can be absorbed efficiently in a single or double
pass even in case of thin active regions. Those carriers created by optical pumping are
trapped subsequently in the quantum wells. The gain bandwidth, differential gain, peak
gain wavelength, and quantum efficiency depend sensitively on carrier concentration and
temperature. Therefore, the active mirror is affected by the pump power level, the pump
spot size and the thermal coupling to the heat sink. The gain bandwidth is typically
some tens of nanometers. Depending on the utilized semiconductor material systems
and the dimensions of the quantum well structure, the central wavelength of emission
can be tuned from 850nm to more than 1000nm in case of GaAs/AlGaAs layers. By
increasing the pump power, the active region spacially changes, which results in a red-
shift of the laser wavelength of about 0.01 nmK™!, and a reduced differential gain leading
to the so-called "thermal overrolling”. Thus, the output power of an OPSL is limited to
a certain output power level depending on the temperature of the active region. By using
different semiconducting materials, lasing could also be demonstrated at 660 nm with
InGaP quantum wells [Mue(02] and at 397 nm with a GaN-based VCSEL? [Par03]. So far,
OPSLs can not emit in the visible spectral region due to lack of suitable semiconductors.
However, by means of SHG, visible radiation has been generated in the blue, green, yellow,
orange and red spectral region.

The OPSL system used in the laser experiments in the context of this work is an intra-
cavity frequency doubled laser system and emits at a wavelength of 479.5 nm featuring a
slight tunability. Its laser cavity is displayed in Figure4.3. A laser diode emitting at a
wavelength of 808 nm is the pump source for the OPS-chip. The cavity consists of two ex-
ternal mirrors, enabling a single folded V-type cavity. The cavity features a second beam
waist in the arm M;-Ms, where the nonlinear crystal lithium triborate (LiB3O5, LBO) is
mounted. The cavity is highly reflective for the fundamental wavelength at about 960 nm,

2VECSEL: vertical external cavity surface emitting laser
3VCSEL: vertical cavity surface emitting laser
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Figure 4.3: Schematic set-up of an OPSL used as a pump source for the laser experiments.

OPS | Maximal power | Beam quality | Beam diameters
System P rax M2, M2 dy, dy (pm)
MOPS 300 mW <11, <11 700, 700
HOPS 1600 mW <1.1,<1.1 1900, 1980
miniG 4500 mW ~4.5, ~1.9 180, 120

Table 4.1: Optical parameters of the used OPSL for pumping

while the visible radiation of about 479.5nm is coupled out at the folding mirror M;. To
fix the operating wavelength of the OPSL, a birefringent filter (BRF) is inserted into
the cavity. The OPSL-pumped laser experiments done in the framework of this thesis
have been done with three different OPSL systems. Their optical parameters are listed in
Table4.1. While the MOPS-system (MOPS: Medium power OPSL) providing an output
of 300mW was the first OPSL available for laser experiments, the power scaled version
(HOPS: High power OPSL) could provide up to 1.6 W of pump power at ~480nm. The
miniG-system is a new generation of OPSL featuring even higher output powers with a
reduced package size. With this technology, up to 15W at 488nm and 5W at 460 nm
could be demonstrated to date [Chi04]. However, the OPS-chips used in the high power
experiments suffered from degradations resulting in a reduced chip lifetime.
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4.2.2 GaN-based laser diodes

This section gives a short introduction to some properties of GaN, the manufacturing
process of the optically active layers, and the performance of commercially available GaN-
based laser diodes (GaN-LDs). A more detailed description can be found in Nagahama
[Nag01] and Nakamura [Nak97].

GaN is a III-V-semiconductor featuring a direct band gap. Depending on the addition
of In or Al, the band gap energy can be varied between 2.0eV (16100cm ™) and 6.2 eV
(50000 cm ™). Due to the large lattice mismatch of 15% between the substrate and the
GaN-layer, the production of high quality InGaN-layers on sapphire suffered from a large
number of threading dislocations from 1x10%m™2 to 1x102cm™2 [Les95, Chi96]. The
efficiency of InGaN-based LEDs* and laser diodes, however, is comparable to GaAs-based
devices. Several approaches which reduce the density of defects such as using ELOG?®
as substrate [Usu97, Nam97] or applying AlGaN/GaN modulation-doped strained-layer
superlattices (MD-SLSs) as cladding layers have improved the material quality. However,
further development of the fabrication process is still necessary.

GaN-LDs are under investigation since 1996. While the first devices which were com-
mercially available in 1999 provided low optical powers (5 mW) in the ultraviolet spectral
region around 409nm [Nak99], both output powers and the available wavelength range
were improved. By variation of the In-content in the active layer, GaN-LDs cover the spec-
tral range from 370 nm (UV) to 478 nm (blue). As a side effect, the increasing amount of
In also rises the threshold current density. Thus, the lifetime of GaN-LDs operating in
the long wavelength region is significantly below 10000 hours. At the wavelength region
of interest for pumping Pr3T-based lasers, engineering prototypes with output powers of
more than 0.5 W of optical power in the wavelength region between 440 nm and 450 nm
are commercially available. The electro-optical efficiency of these LDs is 16%.

The laser wavelength of semiconductor lasers is temperature-dependent. While the wave-
length shift for GaAs-based laser diodes is about 0.2nmK~™!, the tuning coefficient for
GaN-LDs is as low as 0.07nmK~!. By adjusting the temperature of the laser diode
using a temperature controller, fixing the laser wavelength is possible. However, due
to the package design of the LDs, compensation of the wavelength shift is challenging.
Figure4.4 shows the typical wavelength shift of a temperature stabilized GaN-LD with
increasing current. The wavelength of the investigated device shifts about 2.84 nm, which
corresponds to a shift in temperature of about 40.6 K. During these measurements, the
LD-package temperature was kept constant at 29°C. Thus, efficient cooling is necessary to
compensate the current-induced wavelength shift. Regarding the beam quality of GaN-
LDs, both beam divergence and transversal shape depend on the dimensions of the facet
of the optically active layer. Typical facet dimensions of a 0.5 W multimode LD are 1 pm
x 10pm. The beam divergence angle is about 30° and 10° for the fast and the slow
axis, respectively. While the beam quality of the fast axis is close to the diffraction limit

4LED: light emitting diode
SELOG: epitaxially laterally overgrown GaN
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Figure 4.4: Emission spectra of a GaN-LD operated at different currents

(M?=1), the beam quality factor M? is about 3 for the slow axis. Due to the differences
in divergence and spot dimensions, several optical elements for beam shaping are neces-
sary. For example, an aspherical lens and anamorphic beam shaping optics can generate a
collimated beam featuring a circular beam cross-section. To overcome the reduced beam
quality of LDs, a combination of the GaN technology and VECSELs is promising. Stud-

ies of combining the VECSEL-geometry with GaN-active layers are subject to the actual
research [Fee07].
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4.3 Cavity Setup

In the following subsections, the cavity setups used for the laser experiments will be
presented. A short discussion regarding the expectable overlap efficiencies will be given
herein as well.

4.3.1 Fundamental Wave Operation Setup
OPSLs as Pump Source

For the fundamental wave operation the HOPS laser system was used as a pump source.
The linear setup shown in Figure4.5 was applied for the Pr3*-lasers. It consists of two
mirrors M; and My with 50 mm radius of curvature (Roc) each. They were installed
at a distance of 80 mm — 84 mm, depending on the crystal thickness. The calculations
regarding the overlap efficiency assume Gaussian beam profiles of the laser and pump
beam. They were performed using the ABCD matrix formalism [Kog66] integrated in the
WinLase software.

OPS 4, ’\ A
L M, M,

Laser Crystal

Figure 4.5: Schematic setup of the Pr3*-lasers under OPSL-pumping

The pump radiation from the HOPS laser was focused into the laser crystal using a lens
L with a focal length of f=100mm. Figure4.6 displays the resulting beam radii of the
pump beam and the laser mode in case of different laser wavelengths inside the cavity.
The overlap efficiency was calculated as follows: After determination of the tangential (t)
and sagittal (s) radii of both pump beam rp and laser mode r, at a certain position z
inside the laser crystal, the areas of both beams were calculated by

Ap(z) = mrps(2) X rpy(2) (4.38)
Ap(z) = mris(z) X roe(2). (4.39)

In the next step, the overlap efficiency 1o was calculated for each position z to

sgn(Ar(z)—Ap(z
AP(Z)) en(Ar(2)—Ap(2)) (4.40)

o) = (AL(Z)
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Figure 4.6: Beam radius plot inside the cavity for the HOPSL pump radiation and the
laser operating at different laser wavelengths

where sgn(z) denotes the sign function® of z. The total overlap efficiency is the average
of no(z) inside the active medium. In case of OPSL-pumping, the maximum overlap
efficiency achieved was 0.77 in case of the 3.45mm Pr3*:YLF and 0.80 in case of the
3.00 mm Pr®*:LLF. This value is reasonable and a direct result of different properties
of the pump beam and the laser mode in the active medium. The Rayleigh length zg
(Eqn. 4.20) for the geometry of the cavity in use was zg =0.7mm and zg = 19.8 mm for
the pump and the laser beam, respectively. Although the discrepancy is large, using a
more suitable focal lens with f =450 mm would result in a higher laser threshold and an
extensive laser system’. From the handling point of view the alignment process for both
focal lengths is difficult: for a small focal length the longitudinal range of the highest
overlap is small while in case of a large focal length the range of transversal alignment is
narrow. The more convenient choice, however, is the lens with the short focal length.

GaN-LDs as Pump Source

The laser experiments with GaN-LDs as pump source were performed using the setup
shown in Figure4.7. Two collimated and beam-shaped GaN-LDs with 500 mW of pump
power each were used to pump the laser crystal from both sides. The Pr3*-doped crystal
was mounted at the position of the beam waist of a single folded cavity consisting of three

5The sign function sgn(x) is defined as sgn(xz)=1: x>0, sgn(z)=0: x=0, and sgn(z)=-1: x<0
"Geometrical considerations of the pump geometry in longitudinally pumped laser rods resulted in a
(r3+r?)-dependence of the laser threshold [Ris88].
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mirrors. The input coupler for laser diode LDy, namely M;, had a Roc of 50 mm while
the second input coupling mirror Ms, used for laser diode LD,, was a plane mirror at a
folding angle of 26° in total. The output coupling mirror M3 had a Roc of 100 mm. The
cavity length was measured to be in the range of 140 mm to 150 mm. Figure 4.8 shows the
beam radii in case of a 17.1 mm Pr3":YLF-crystal in a 141 mm cavity for different laser
transitions. Additionally, the characteristics of the pump beams from LD; and LD, are
shown. The beam characteristics of the laser modes differ from the pump radiation as
in the case of OPSL-pumping. Thus, the overlap efficiency no of each LD is significantly
below 1.0.

Figure 4.7: Schematic setup of the Pr3*-lasers pumped by two GaN-LDs

In the following estimations two ideally collimated pump beams are assumed. Two
f=50mm lenses focus the pump radiation into laser crystals of different lengths located
at the centre of the beam waist of the cavity mode. In case of a a 2.2mm thick crystal,
the upper limit of no was about 0.76 for each laser diode. By pumping with two diodes
simultaneously, the achievable limit of 7 is 0.97. Figure4.9 (a) shows the resulting limits
of efficiency for each LD and in case of double side pumping with respect to the crystal
length. In Figure4.9 (b), the corresponding efficiencies are shown for a 17 mm long crystal
with respect to the position inside the crystal. In the experiments, the optimal overlap
of LDy was set up first and then only LD; was adjusted for maximum laser output. The
positions of the other components were not changed anymore. In this way, the achieved
overlap efficiency was for a 4.7 mm crystal for example ~ (.70 in contrast to the calculated
limit of ~0.90. To improve no for each LD, the focal lengths of the focusing lenses have
to be close to f; =450 mm and f; =500 mm for LD; and LD,, respectively. In this case
the threshold pump power will increase and an increased distance between the LDs and
the laser cavity results in a less compact laser system.

4.3.2 Second Harmonic Generation Setup
The setup for SHG under OPSL-pumping is displayed in Figure4.10. The setup is a

V-type cavity consisting of three curved mirrors. The input coupling mirror M; had
a Roc of 50mm, the folding mirror My, which is also one of the output couplers, had
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Figure 4.8: Radii of the pump beams provided by two GaN-LDs and the laser radiation
in case of different transitions

—

=)
p—
S

——1D, LD,

I
o

—— LD,

e o
(o) NN e}
(=
b
&
//
.
/
/
o
(@)

o
e
/
[
o
n

1~=—1D, LD,
1—a—1LD,
{—e—1D,

o
[\

Overlap Efficiency 7,
Overlap Efficiency 7,
()
to

0.0 — T T 0.0 T T
0 2 4 6 8 10 12 14 16 18 0 2 4 6 8 10 12 14 16
Crystal Thickness / (mm) Longitudinal Position x (mm)

(a) (b)

Figure 4.9: (a) Overlap efficiency no with respect to the crystal thickness [ and (b) depen-
dence of the overlap efficiency on the position z inside a 17 mm long Pr3*:YLF
sample

Roc=100mm and M3 was a Roc =50 mm mirror. The folding angle was about 30° in
total and the cavity length was in the range from 260 mm to 270 mm, depending on the
thickness of the nonlinear and the laser crystal. As nonlinear medium, LBO was used
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for frequency conversion of the visible radiation at ~640nm to the UV at 320nm. The
main advantages of this material are a wide transparency range from 0.12 pm to 2.6 pm,
a high optical damage threshold and a large temperature acceptance of ~9.3cmK. The
nonlinear coefficient deg for the investigated process is about 0.54 pm/V. Three crystals,
cut for Type I CPM (0 =90°, ¢ =53.5°) with lengths of 3 mm, 5mm and 8 mm were used.
Both surfaces of the crystals were antireflection (AR)-coated for 640 nm and 320 nm. They
were provided by Ekspla Company in Lithuania. The beam radius plot of the laser mode
is displayed in Figure4.11. The beam properties inside the nonlinear crystal feature an
ellipticity of e =0.85 and a beam diameter of ~ 71 pm.

Laser Crystal M, L

M, 1,4

/! 2

Nonlinear Crystal

M,

Figure 4.10: Schematic setup for SHG of OPSL-pumped Pr3*-lasers operated at the tran-
sition 3 Py—3F,
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Figure 4.11: Beam characteristics of the OPSL-pump radiation and the laser mode for the
SHG setup displayed in Figure4.10
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First results of SHG using GaN-LD-pumped Pr®*-lasers were performed in the Z-type
cavity displayed in Figure4.12. This setup consists of the input coupling mirrors M;
(Roc=50mm) and My (Roc = 00), the output coupling mirror M3 with Roc =100 mm,
and the end mirror My with a radius of curvature of 50 mm. The total cavity length was
280 mm and the folding angles at My and M3 were 44° in total. The mean beam diameter
in the nonlinear crystal was 71 pm featuring an ellipticity of ¢ ~0.66.

Laser Crystal
L M l M, L,

GaN| 4 [\ |7
V

GaN
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LD,

s =
M, M,

Nonlinear Crystal

Figure 4.12: Schematic setup for SHG of GaN-LD-pumped Pr3*-lasers operated at the
transition 3 Py—3F,

As result, the transversal profile of the generated UV beam is astigmatic as well. The
curved end mirror leads to a more challenging and complex alignment procedure. The
main advantage of this cavity setup is the possibility to place the nonlinear crystal in the
centre of the beam waist and thus obtaining near optimum conversion efficiencies.

4.3.3 Active Q-Switching Setup

Q-switching of Pr®T-lasers has been performed by using an acoustooptical modulator
(AOM) inside the laser cavity. The AOM used in the experiments consists of a fused
silica block. Piezoelectric elements located on one side of the block induce supersonic
waves transversal to the optical axis. An absorber mounted on the other side of the
material suppresses the formation of a standing wave. Due to the photoelastic effect,
the acoustic wave modulates the refractive index in the silica block. The changes in the
refractive index are directly proportional to the amplitude of the acoustic wave. The
resulting optical grating in the AOM-material adds diffraction losses for the propagating
laser beam. If the RF-signal at the piezoelectric elements is switched off, the diffraction
losses and the grating vanish and the pulsing process is initiated. The AOM used in the
experiments was cut in Brewster’s angle for the visible spectral range from 500 nm to
750 nm and had an optical path length of ~50 mm. It was designed for a maximal beam
radius of 300 pm. To obtain reasonable modulation depths, the passing laser beam should
be collimated. The setup for active Q-switching is shown in Figure4.13. It consists of
a focusing lens L with a focal length of f=200mm, an input coupling mirror M; with
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a radius of curvature of 100 mm, a folding mirror My (Roc=200mm) forming an angle
of 24°, and a plane output coupling mirror M3. The cavity length slightly exceeded
350mm. In this geometry, the average laser beam radius inside the AOM is a 200 pm
and almost completely collimated, resulting in sufficient modulation depths. As pump
source, a 4.5 W OPSL called miniG was used. Its beam quality factors were M2 =4.5 and
Mf = 1.9, resulting in an astigmatic pump profile. The calculated overlap efficiencies were
in the range from 0.6 to 0.8.

Laser Crystal M, L
Ao\ A,
OPS
M2 \
/!

AOM é

3

Figure 4.13: Schematic setup of the OPSL-pumped Q-switch experiments of Pr3*-lasers
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4.4 Results of OPS-pumped Pr-lasers

While the first Pr3*-lasers realized were pumped by pulsed dye laser systems [Est77] or
flashlamps [Kam98], different approaches for direct blue laser pumping of Pr3*-ions were
performed for example by Ar-ion lasers [San94b] or frequency doubled Nd:YAG ground
state lasers [Heu99] in the last ten years. However, only a minor part of the pump radiation
was absorbed in the Pr®*-doped material due to the lack of overlap between the pump
wavelengths and the absorption peaks of Pr3*. A low power frequency doubled OPSL of
suitable wavelength (=~ 480 nm) was available in our laboratory to demonstrate a compact
and efficient cw Pr3t:YLF-laser in 2004 for the first time [Osi04]. In the last three years,
intracavity SHG experiments demonstrated efficient generation of UV radiation at 261 nm
and at 360 nm with about 1 W of output power [Ost07a, Ost07b].

4.4.1 Fundamental Wave Experiments

In the context of this work, efficient laser oscillation of Pr®*-doped YLF and LLF at
high power levels has been demonstrated under HOPS-pumping at ~480nm. Different
laser wavelengths in the visible spectral range from the green spectral region (/523 nm,
transition 2P, — 3Hj) to the near infrared at ~721nm (transition 3P, —3F}) could be
demonstrated. Table4.2 gives the realized laser transitions with corresponding wave-
lengths and quantum defect 7q of the transitions under HOPS-pumping. Additionally,
the realized overlap efficiency no (cf. Section4.3.1) and the maximum expectable slope
efficiency 7s max =g X 7o is given as well.

Laser transition ‘ AL (nm) ‘ nQ ‘ No ‘ 7S max
YLF

3P, —3H, 522.6 0.92 | 0.76 0.70
3 Py—3Hg 607.2 0.79 | 0.74 0.58
3P —3F, 639.5 0.75 | 0.77 0.58
3Py —3E, 720.8 0.66 | >0.77 | >0.51
LLF

3p—3H, 523.9 0.91 | 0.78 0.71
3 Py—3 Hy 607.0 0.79 | 0.78 0.62
3Py —3F, 640.1 0.75 | 0.80 0.60
3Py —3E, 721.4 0.66 | >0.79 | >0.52

Table 4.2: Overview of quantum defect 7q, overlap efficiency 7o, and the upper limit of
the slope efficiency 7s max of different Pr3*:YLF- and Pr3":LLF-laser transitions
under OPSL-pumping

The laser crystals used in these experiments were a 3.45mm long Pr3t(0.65at.%):YLF
crystal and a 3.0mm long Pr3+(0.45at.%):LLF crystal. They were cut along the d-axis.
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The facets have been polished in laser quality and had no anti reflection coatings. The
pump radiation was linearly polarized and the crystals were oriented for E || to make use
of the large absorption coefficient and thus a high absorption efficiency in the crystal (cf.
Figure 3.9). The amount of absorbed power in a single pass was determined to be 91% and
73% for Pr3T:YLF and Pr3":LLF, respectively. The Pr®*-doped BYF- and KYF-crystals
could not be characterized in this setup due to the limited tunability range of the HOPS
pump laser system.

~ 600 A, =522.6 nm , | ~ 600 /1IL = 523I.9 nm I ITOC = 3.I8%: U - 0.52 I 1
= A,=607.2nm | = ) A, =607.0 nm
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aZ 400/ * A =720.8m {a% 400] ® A=72141m
5 5
c 3007 | 3 3001 T = 3.7%: 7, = 0.35)]
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& 1001 Pr(0.65at.%):YLF[| & 100 Pr¥'(0.45at.%):LLF [1
0 [=3.45 mm / /=3.00 mm
N <y T T T T T T O_ .3 . . . . T T T
0 200 400 600 800 1000 1200 1400 0 200 400 600 800 1000 1200 1400
Absorbed Power P, (mW) Absorbed Power P, (mW)

(a) (b)

Figure 4.14: Power characteristics of OPSL-pumped (a) Pr*":YLF and (b) Pr**:LLF op-
erating at different transitions

Figure4.14 (a) and (b) show the power characteristics with the highest slope efficiencies for
the 3.45 mm long Pr3*(0.65at.%):YLF and the 3.00 mm long Pr3*(0.45at.%):LLF samples
under HOPS-pumping, respectively. At an absorbed pump power of around 1.4 W, up to
600 mW of coherent green and red radiation was emitted from the laser set-up with slope
efficiencies ng of up to 0.46. To the best of our knowledge, this was the highest slope
efficiency of a semiconductor laser pumped Pr3®*:YLF laser so far. The realized orange
Pr3*:YLF-laser at 607.2nm enabled an output power of about 350 mW with ng = 0.32.
Figure4.14 (b) shows the power characteristics of OPSL-pumped Pr3*:LLF laser for the
same transitions in the visible spectral range. Using the LLF crystal, more than 550 mW
of laser radiation was emitted with a slope efficiency of 0.52 at the transition 3Py—3F,
at 640.1 nm, while the laser power on the transitions 3P,—3H; at 523.9 nm and 2 Py—3F}
at 720nm were about 500 mW with slope efficiencies ng of 0.53 and 0.56, respectively.
The orange laser transition (*Py—3Hg) of Pr3":LLF at 607.0nm shows a lower output
of about 370 mW with a slope efficiency ns of 0.35 with respect to the absorbed pump
power, as already observed in YLF. In contrast to former laser results of Pr3*:YLF lasers
under argon ion laser pumping [San94b] no drop of the output power was observed during
the laser experiments. The optimal transmission of the output couplers available of the
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Pr®T:YLF(Pr**:LLF) laser operating at 523 nm, 607 nm, 640nm and 721 nm were 3.6%
(2.1%), 7.4% (3.7%), 2.0% (3.8%) and 2.7% (5.4%), respectively. Internal losses of the
lasers were estimated by a Findlay-Clay analysis and by the method of Caird. The
internal losses per roundtrip were estimated to be about 0.6% for both Pr3*:YLF and
Pr3*:LLF lasers emitting at ~640nm and ~ 721 nm. In case of the shorter wavelengths,
the internal losses were higher. Table 4.3 contains the results of the loss determination by
both methods. In case of the orange laser transition of Pr®*:YLF, the maximal obtainable
slope efficiency from the Caird plot is larger than the quantum defect 7q, indicating large
uncertainties of this method. Loss values for the transition in the green spectral range
could not be determined by any method. The reason might be changes of the pump laser
beam position inside the laser crystal during the experiments due to changing the input
coupling mirror M; and thus different gain conditions.

Laser transition ‘ AL (nm) ‘ rc (%) ‘ Yca (%) ‘ 74
YLF

3P1—>3H5 522.6 - - -

3 Py—3Hg 607.2 1.8 12.0 0.93
3Py—3F, 639.5 0.7 0.7 0.53
3Py—3F), 720.8 0.7 0.6 0.50
LLF

8P, 3, 5239 | 4.3 47 0.81
3Py—3Hg 607.0 3.3 2.2 0.47
3P —3F, 640.1 3.9 0.3 0.54
3Py—3F, 721.4 0.5 0.6 0.57

Table 4.3: Overview of the determined residual internal roundtrip losses 7; and the limits
of the slope efficiency 7¢ calculated from the Caird analysis for the Pr**:YLF-
and Pr3*:LLF-laser crystals used in the OPSL-pumping experiments. Loss
determination failed for the transitions indicated by lines (-)

The limit of influence of CRPs on the slope efficiency can be estimated by Equation 4.16.
Due to differences in o, and the initial decay characteristics, different intensity limits [y,
were calculated for the Pr3*t:YLF and Pr®*:LLF samples used in the laser experiments.
The results are given in Table4.4. If the stimulated lifetime falls below 13ps in case
of YLF or 11pus in case of LLF, the influence of CRPs should become less important.
Corresponding to these time constants, the laser intensity I must exceed the saturation
intensity Is by a factor of 2.6 and 3.1 for YLF and LLF, respectively. For the Pr3*:YLF
crystal, this is achieved when the laser output exceeds 0.27 W at 639.5nm or 4.12W at
522.6 nm.

Identification of the process influencing laser transition 3P,—3Hg

Loss estimations for the laser transition ® Py—?Hg resulted in values of more than 10% for
Pr3*:YLF with the method of Caird. Due to the reduced doping level of the Pr3*:LLF
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A, (nm) | Too (%) | Is (kW em™2) | Ly (kW em™2) | Py (W) | Poy (W)
Pr3t(0.65 at.%): YLF, 7og = 34 ps, Tiim = 13 ps

522.6 3.6 428 1120 9.0 4.12
607.2 7.4 70 184 5.2 1.62
639.5 2.0 42 109 0.6 0.27
720.8 2.7 92 241 2.2 0.92
Pr3t(0.45 at.%):LLF, 7o = 34 s, Tjim = 11118

523.9 3.6 474 1460 10.4 5.37
607.0 3.7 81 251 3.2 1.10
640.1 3.8 43 134 1.3 0.63
721.4 5.4 112 347 4.8 2.64

Table 4.4: Saturation intensities Ig, intensity limits for effects of CRPs I[y,,, and the
amount of absorbed power P,,s and the resulting laser output power Py, for
the conditions where 75 equals the initial decay constant

sample, the corresponding losses were slightly above 2%. A possible reason is an efficient
reabsorption process originating from the Stark level at 213 cm™! above the lowest state
of the 3Hy level and terminating in one of the Stark levels of the Dy energy level. Such
absorption could limit the slope efficiency of this laser transition.

To confirm this supposition, emission spectra of Pr3*:YLF were recorded during laser
operation in the orange spectral range. By comparing the resulting spectra with the
results from regular fluorescence measurements, further information can be gained. Fig-
ure 4.15 displays the unpolarized fluorescence spectrum of the Pr3*(0.65at.%):YLF laser
crystal obtained under laser oscillation in the spectral region from 450 nm to 750 nm. The
spectrum is not corrected for the spectral response of the measurement setup. Thus,
an uncorrected emission spectrum is displayed as well. The two spectra show different
spectral characteristics at about 607.2nm and around 594.7 nm. While the former can
be assigned to scattered laser photons, the increase in signal in the latter spectral region
corresponds to the ground state transition originating from the 'D, energy level. This
increase in luminescence intensity is a direct result of an increased population number of
the 1D, energy state due to the ground state absorption process ®H,—!D, occurring at
the laser wavelength. Unlike reabsorption processes occurring in 3-level-laser systems, the
absorption of laser photons in this system does not increase the population of the upper
laser level (*Fy) but effectively removes laser photons from the cavity. The comparably
long lifetime of the ' Dy energy level of several hundreds of microseconds results in a rea-
sonable amount of the excitation energy which is lost for the laser oscillation process. The
reabsorption process is compensated if the population of the ' Dy energy level equals that
of the corresponding Stark level of the 3H, energy level. This can be achieved by a high
intensity pumping process, but with the pump sources available the limit has not been
reached so far.
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Figure 4.15: Unpolarized emission spectra of Pr3":YLF under 3 Py-excitation. The black

line resembles the regular fluorescence curve while the gray line resembles
the spectrum recorded under laser oscillation at transition 3 Py—3Hg
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Beam parameters

The laser radiation has also been investigated regarding the beam quality factor M? using
the measurement device BeamScope-P7. Table4.5 displays the results for the different
laser transitions at a pumping power level of 300 mW. As expected from longitudinally
pumped solid-state lasers, the beam quality factor is below 1.3 with respect to both
transversal axes, corresponding to an almost diffraction limited beam featuring a Gaussian
intensity profile.

Transition | Beam quality factors
M2 M2
SP—3Hs | 1.2 1.1
SPy—3Hg | 1.2 >1.0
SPy—3Fy | 1.2 1.1
3P0—>3F4 1.2 1.2

Table 4.5: Measured values of the x- and y-components of the beam quality factor M? for
the realized Pr3*:YLF lasers pumped with Popsr, = 300 mW

By reducing the excited crystal volume, gain of higher transversal modes can be sup-
pressed efficiently. Thus, even at increased pump power levels, only the fundamental
transversal mode is expected for sufficiently short laser crystals. The lasers realized in
the framework of this thesis operate without wavelength-selective components inside the
laser cavity. However, due to the narrow linewidth of emission, only a few cavity modes
contribute to the laser output. In case of the Pr3*:YLF laser crystal in the nearly concen-
tric cavity, the cavity mode distance due to the etalon introduced by the laser crystal is
approximately dv = 5 =43 GHz. The spectral linewidth of the fluorescence transition at
639.5nm is AX=0.85nm, which corresponds to a frequency bandwidth of approximately
623 GHz. This enables lasing of approximately 14 cavity modes in the absence of losses.

4.4.2 Second Harmonic Generation Experiments

This section focuses on the SHG generation obtained by intracavity frequency doubling
of laser radiation at ~ 640 nm.

Preliminary Experiments

The SHG experiments can be divided in two stages. In the first stage, the power char-
acteristics of the laser transition at A\, ~640nm for the investigated laser crystals were
recorded for different output coupling transmissions of mirror M3 (cf. Figure4.10) without
a non-linear crystal. Then, cw UV generation at A9, =320 nm was obtained through in-
tracavity SHG by birefringent phase matching. The nonlinear LBO crystals were mounted
in the My-M3 arm of the cavity in the second beam waist. In these experiments mirror
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M3 was HR (T' < 0.02%) coated for both A, and Ag,. The UV radiation was coupled out
through mirror M, in case of the primary experiments and through mirrors My and My
in case of the power scaled experiments. The temperature of the LBO crystals was not
stabilized.

In the preliminary experiments, a 5.7mm long Pr?*(0.7at.%):YLF crystal and a 3mm
Pr3t(1.42at.%):BYF crystal were used as active laser medium. The YLF crystal had a
high-reflectivity (HR, transmission 7' < 0.1%) coating for A, and a high-transmission (HT,
T >98%) coating for the 480 nm pumping wavelength (Aopgr,) on the input side (M;); the
opposite crystal’s surface was antireflection coated for A\,. In these experiments, the pump
radiation was directly focused into the laser crystal without the input coupling mirror My
displayed in Figure 4.10. The laser experiments with the uncoated BYF crystal were per-
formed in the cavity geometry shown in Figure 4.10.

At an OPSL-pump power of 217 mW, the maximum output power of 72.4mW at A, was
measured for Toc =2.0% in case of the Pr3*:YLF crystal. The Findlay-Clay analysis re-
sulted in round-trip residual losses of about 1.7%, while the coefficient K¢ was ~0.50 W1,
The corresponding values for the Pr3*:BYF laser crystal were 51.0mW at an absorbed
pump power of 207 mW for Toc =0.6%. The losses were 1.0% and the coefficient K¢ was
evaluated to be ~0.19 W1,

Figure4.16(a) shows the UV output power versus the absorbed pump power for the
Pr3*:YLF laser. With an LBO crystal of 3mm thickness the maximum power at \g,
was 7.8 mW. Utilizing a 5mm long LBO nonlinear crystal, the UV power was increased
to 13.4mW. The highest cw UV output power of 19 mW was obtained with an 8 mm long
LBO crystal. As 216 mW of pump power were absorbed in the laser crystal, the optical-
to-optical efficiency with respect to the absorbed power was &~ 9%. Moreover, based on
the results at \,, the conversion of the available fundamental power from the visible to
the UV, ny_uv (the ratio between the maximum UV power and the red power obtained
for Toc =2.0% at the same pumping level) was determined to be 26%.

The UV output power obtained with the Pr3*:BYF laser crystal is shown in Figure 4.16(b).
With the 8 mm long LBO crystal, 18.9mW were achieved at Ay, =~320nm. The overall
efficiency with respect to absorbed power was ~ 9%, almost identical with that obtained
with the Pr3™:YLF laser, but at an increased ny_yy of 36%. Cw UV radiation of 7.3 mW
and 13.9mW was obtained with the 3 and 5mm thick LBO crystal, respectively. The
operation temperature was ~ 23°C. The simulations were performed using Equation 4.26.
To obtain reasonable results, the internal losses were variied to simulate the frequency
conversion process in the non-linear LBO crystals.

Power scaling

Power scaled SHG experiments were performed with the 3.45mm Pr3*t(0.65at.%):YLF
and the 3.00mm Pr3*(0.45at.%):LLF single crystals already introduced in Section 4.4.1.
They were mounted in the setup displayed in Figure4.10, too. The UV radiation was
extracted through mirrors My and M3. The output power at A, was about 597 mW with
Toc=3.6% at an absorbed pump power of 1.4 W in case of Pr3*:YLF. Internal losses
and the small-signal gain coefficient were determined by Findlay-Clay analysis to be 1.7%
and 0.55 W~ respectively. For Pr3T:LLF, these values were 1.9% and 0.58 W~!. The
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Figure 4.16: Power characteristics of intracavity SHG of MOPS-pumped (a) Pr*":YLF
and (b) Pr¥":BYF lasers operating at transition * Py—3F, the included num-
bers resemble the internal loss values used in the simulations

maximum output power at A, was obtained with an output coupler transmission of 3.6%.
At an absorbed pump power of 1 W, 483 mW were extracted from the Pr3T:LLF crystal.
Using an 8 mm long LBO crystal, up to 364 mW and 261 mW of cw UV radiation could
be extracted from the Pr3*:YLF and Pr3*:LLF laser cavity, respectively. Regarding the
maximum extracted power at the fundamental wave at ), a conversion efficiency of 61%
(Pr¥":YLF) and 54% (Pr®":LLF) was obtained. The overall optical-to-optical efficiency
for the UV output was 22% and 16% for Pr3*:YLF and Pr3*:LLF, respectively. Neglecting
thermal effects in the laser crystal under pumping conditions, the SHG output power was
simulated using the model developed by Agnesi et al. [Agn02] (see Eqn. 4.26).

The beam quality factor M? of the generated UV-radiation was determined for a pump
power level of 300mW, too. Measurements of the UV radiation optimized for output
power resulted in values of M?=1.4 and M?=6.2 as well as M?=1.8 and M=9.9
for the 3mm and for the 8mm LBO crystals, respectively. The reduced beam quality
can be explained by the influence of the beam propagation inside the nonlinear medium.
Due to the beam walk-off occurring at CPM, the generated beam at Ay, is composed
of multiple Gaussian profiles arranged in the direction corresponding to the Poynting
vector component perpendicular to the beam propagation axis. In addition, differences in
position and beam waist diameters of the tangential and saggital component of the cavity
mode result in an astigmatic beam profile of the SHG radiation.

Power fluctuations of the UV output were measured using a fast silicon diode. Due to
the spectral behaviour at the fundamental wavelength, mode coupling by SFG influences
the power stability. Chaotic amplitude fluctuations featuring modulation depths of 34%
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Figure 4.17: Power characteristics of intracavity SHG of OPSL-pumped (a) Pr3":YLF
and (b) Pr®":LLF operated at transition *Py—3F},, the numbers resemble
the values of internal losses estimated for the simulations

at several MHz were recorded, similar to the well-known ”green problem” [Bae86].

4.4.3 Active Q-Switching Experiments

First results of pulsed Pr¥*-lasers were reported in 1995 and 1996 [Rua95, Ton96]. The
Pr3*:YLF lasers were emitting in the visible spectral range and pulsing was obtained
by Kerr-Lens mode locking. Ruan et al. demonstrated modelocking of the 607 nm and
639.5 nm visible laser transition with pulsewidths of 8-10 ps as well as parasitic Q-switching
with pulsewidths of about 20 pus. However, no experimental results regarding active Q-
switching of Pr3":YLF and Pr3*:LLF lasers have been reported so far, to the best of the
authors knowledge. Thus, the data presented in this section represents results of the first
investigations of Q-switched Pr3*-based laser systems.

Q-switching experiments were performed in a single folded cavity shown in Figure 4.13.
The pump source for these experiments was the miniG. It provided radiation at a wave-
length of ~479.5nm with up to 4.5 W power with moderate beam quality factors of
M?=1.9 and M}? =4.5. Due to the high pump powers available, the laser crystals were
mounted in a water-cooled holder to remove the generated heat during the laser exper-
iments. To obtain a more homogeneous heat distribution inside the laser crystals and a
small non-radiative decay rate, reduced Pr3*-doping levels and longer crystals were used
in the experiments with Pr3*:YLF. Here, the whole pump power available of 4.5 W was
focused into the samples. Even so, the obtained beam quality starts to decrease above a
pumping level of around 2W. Due to a higher Pr3-concentration in the available LLF
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crystals and an inappropriate sample geometry for water cooling, the pump power level
was reduced to 3.5 W.

Q-switching experiments were performed with three different crystals: a 11.5mm long
Pr3t(0.3at.%):YLF, a Pr37(0.4at.%):YLF (d=8.0mm), and a Pr®"(0.45 at.%):LLF crys-
tal with a thickness of 5.0 mm. Prior to pulse experiments, the power characteristics in
cw mode were recorded. The results are listed in Table4.6. At an absorbed power of
3.5 W and 3.4 W, laser radiation at 639.5 nm with output powers of 1.5 W and 1.4 W were
obtained from the 0.3 at.% and 0.4 at.% Pr3*-doped YLF-crystals, respectively. The cor-
responding slope efficiencies ng for these crystals were 0.50 and 0.47 for an output coupling
transmission of Toc =5.68%. The Pr3T:LLF laser emitting up to 0.75 W at an absorbed
pump power of 2.4 W and a slope efficiency of ng =0.43 was recorded for Toc = 3.8%.

| Pr*+(0.3 at.%): YLF | Pr3*(0.4 at.%):YLF | Pr3*(0.45 at.%):LLF

material parameters and cw laser parameters
[ (mm) 11.5 8.0 5.0
Tett (118) 47 44 38
Paps (W) 3.5 3.4 2.4
Praxew (W) 1.5 1.4 0.75
s 0.50 0.47 0.43
Toc (%) 5.68 5.68 3.8

pulse parameters at fq=200Hz, Toc =5.68%
At (ns) 124 108 138
ts (us) 1.88 1.74 2.01
Pp (W) 530 560 252
Ep (1nJ) 62 59 35

np 0.88 0.96

Table 4.6: Material properties and laser parameters in cw and Q-switch mode

Table 4.6 gives the experimental pulse parameters for the three samples. At an absorbed
pump power of about 3.4 W and a repetition rate of 200 Hz, pulse energies Ep of 62 1J and
pulse peak powers Pp of 530 W were obtained from the Pr3*(0.3at.%):YLF sample. The
pulsewidth At was determined to be 124ns and the pulse efficiency np (see Eqn. 4.37)
was about 0.88. Figure4.18 shows the typical pulse shape obtained in the Q-switching
experiments. The results of the YLF sample with the higher doping level of 0.4 at.% were
59 pJ pulse energy and 560 W of peak power at a pulse width of 108 ns. Here, np was about
0.96 and the pulse buildup time tg was about 1.8 ps. Due to the reduced pump power in
case of Pr3%(0.45 at%):LLF, the pulses featured an energy of 3511J, a pulse power of 252 W
and a pulsewidth of 138ns. In the Pr**:LLF experiments, tg was about 2.0ps. These
results were obtained for Toc =5.68%. In case of higher output coupler transmissions,
parasitic laser oscillation at a wavelength of 721 nm or 607 nm due to the transmission
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characteristics of the mirrors was initiated.
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Figure 4.18: Typical pulse shape of the Q-switched laser obtained with
Pr®T(0.4at.%): YLF at a repetition rate fq =200 Hz

Using Equations4.33, 4.34, and 4.35, the pulse parameters of the Pr3*(0.3at.%):YLF
crystal have been estimated to be Pp =4kW, Ep=86uJ and At=21ns. The values of
the peak pulse power and the pulse duration differ significantly from the experimental
results. A possible explanation might be the reduction of the radiative lifetime due to
CRPs leading to an effectively smaller amount of storable energy. Furthermore, thermal
stress can result in increased value of the internal losses.

101



4 Laser Experiments
4.5 Results of Laser Diode pumped Pr-lasers

GaN-LD pumped Pr3t-lasers were reported by our group in 2004 for the first time
[Ric04b]. Due to the low pump power of 25mW, laser oscillation could be realized at
the transition 3Py—3F, only. Using a highly reflective cavity, about 1.8mW of output
power could be demonstrated. Due to progress in GaN-LD fabrication, higher pump
powers became available and higher output powers on this transition could be achieved
[Has07a, Ric07]. Additionally, demonstration of a diode laser pumped Pr3*:KYF laser
was reported recently [Cam07]. Application of laser diodes as pump source is a necessary
step for realizing compact laser systems.

4.5.1 Fundamental Wave Experiments

GaN-LD-pumped laser experiments were performed in the setup shown schematically in
Figure4.7. By applying two LDs, pump powers of up to 1 W were available for the laser
experiments. The pumping wavelength was around 444 nm, matching the GSA peak
to the 3P, energy level for the systems Pr3*:YLF, Pr**:LLF and Pr3":BYF. In case of
Pr3T:KYF, this wavelength corresponds to the minimum of absorption between the peaks
at 442.1 nm and 446.2 nm. Both pump beams were focused into the laser medium individ-
ually in order to achieve reasonable overlap efficiencies. The YLF and LLF crystals were
oriented for E || polarization exploiting the large peak absorption cross-section of about
0.9x107' ¢cm?2, while the Pr3":BYF crystals were matched for E||b polarization. Due to
the strong polarization dependence of the absorption cross-sections, polarization coupling
of the LD beams was not an option for the performed experiments.

The shorter pump wavelength of 444 nm in contrast to 479 nm results in a larger quan-
tum defect nq and thus to reduced slope efficiencies 7g. Table 4.7 gives the corresponding
values for the realized laser transitions for each crystal system. The reader should keep in
mind that along with an increased 7q the heat generation in these materials is increased.
Table 4.7 provides information about the overlap efficiencies 1o and the maximum observ-
able slope efficiencies 7g max due to geometrical limitations. The total overlap efficiency
was estimated to be 10% higher thean the overlap efficiency realized with LDy only.

The resulting power characteristics of the laser transition 3Py—3F}, are displayed in Fig-
ure4.19 (a) for a selection of the investigated laser crystals. The highest output power of
208 mW was achieved with a 9.15mm long Pr3(0.45 at.%):LLF crystal, while the highest
slope efficiency shown in this figure was 0.41 for the Pr3*(0.65at.%):YLF crystal. The
YLF and LLF crystals show comparable results, while the output powers obtained from
the Pr3™:BYF and Pr3":KYF laser crystals were significantly lower. Table 4.8 gives a de-
tailed overview of the key parameters for each crystal under investigation. The round-trip
losses were determined by Findlay-Clay analysis and the method of Caird. They are in
the range of 0.5% to 1.8%. It should be noted that the loss determination is not very
accurate in case of the Pr3*:BYF samples because only two different output coupling
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Laser transition ‘ AL (nm) ‘ nQ ‘ no ‘ 7S max
YLF, [ =3.00 mm

3p,—3H, 522.6 0.85 | 0.78 | 0.66
3 Py—3Hg 607.2 0.73 | 0.78 | 0.57
SPy—3 1, 639.5 0.69 | 0.78 | 0.54
3Py—3F, 720.8 0.62 | 0.78 | 0.48
LLF, [=4.45mm

SP—3H, 523.9 0.85 | 0.68 | 0.58
3Py—3Hg 607.0 0.73 1 0.68 | 0.50
3Py—3F, 640.1 0.69 | 0.68 | 0.46
3P, —3F, 721.4 0.62 | 0.68 | 0.42
BYF, [=3.00mm

3 Py—3Hg 607.6 0.73 | 0.78 | 0.57
SPy—3 1, 642.7 0.69 | 0.78 | 0.54
3Py—3F, 719.7 0.62 | 0.78 | 0.48
KYF, [=12.10 mm

3 Py—3Fy 6449 | 0.69 042 ]0.29

Table 4.7: Overview of the general parameters of the realized laser transitions under GaN-
LD-pumping

mirrors resulted in laser oscillation.
In general, the losses obtained by the method of Caird are lower than by Findlay-Clay
analysis. Due to slope efficiency limitations occurring at a certain level of output coupling
transmission (see Table4.9), the obtained values from the Caird plot are less accurate.
The marginal differences of the slope efficiency at a certain output coupling transmission
indicates very small internal losses.

The laser performance of the Pr3*:BYF crystals is poor because of the high doping con-
centration, which enhances the nonradiative decay rate of the upper laser level. An
improvement in efficiency is expected for lower Pr3* concentrations. The results obtained
with Pr®*:KYF are quite reasonable taking into account the reduced peak cross-sections
of absorption and emission. The results obtained by Camy et al.[Cam07] are comparable
to those presented herein.

4.5.2 Second Harmonic Generation Experiments

First intracavity SHG experiments of the 640 nm laser transition were performed with
the 9.15mm thick Pr®7(0.45at.%):LLF crystal using an 8 mm long LBO crystal in the
setup shown schematically in Figure4.12. 42mW of UV power were obtained resulting
in a conversion efficiency ny_yy of 20% and an optical-to-optical efficiency of 6% taking
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_ m Pr'(0.65a.%):YLF |Toc=3.6%12.-038)] _ {pr(0.65at.%):YLF ERENERE
= 2007 o Pr(0.45at.%):LLF 1% 2007//=3.45 mm [Toc = 1.8%, 7, = 041}
k=) A Pri(1.42at.%):BYF g A, =522.6 nm .
& 1601 & Pr'(0.20at.%):KYF IPE 1607/ 4 3 =607.2 nm [Toc = 14%. 7,= 0.30]
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Figure 4.19: Power characteristics of GaN-LD-pumped (a) different Pr3*-doped fluorides
operated at transition 3 Py—3F, and (b) Pr3":YLF operated at different tran-

sitions

Cpr d Toc | Pir s Pips Phax | YiFc | Mica
(at.%) | (mm) | (%) | (mW) (mW) | (mW)

YLF

0.23 | 17.10 | 5.7 227 1 0.38 570 135 | 0.018 | 0.008
065 345| 1.8 42 1 0.41 496 185 | 0.005 | 0.003

LLF

015 7.70 | 3.6 94 | 0.41 366 107 | 0.018 | 0.006
020 4.05| 3.6 o7 1 0.46 237 86 | 0.015 | 0.005
045| 3.00 | 3.6 751 0.43 408 144 | 0.018 | 0.005
045 | 445| 1.8 95 | 0.45 480 184 | 0.011 | 0.005
045 | 915| 3.6 111 ] 0.38 651 208 | 0.055 | 0.009
BYF
1421 220| 09 97 |1 0.15 416 49 | 0.001 | 0.006
1.42 | 470 0.9 176 | 0.08 753 45 | 0.006 | 0.002
KYF

020 | 1210 | 1.8] 490|016 618] 22 0.018 | 0.007

Table 4.8: Overview of the laser parameters of the investigated samples in case of the laser
transition 3Py—3F,
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Toc (%) | ns | P (mW)
0.47 | 0.24 31
0.90 | 0.32 33
1.83 | 041 50
3.56 | 0.43 75
5.68 | 0.42 99

Table 4.9: Laser parameters obtained for the 3mm Pr3+(0.45 at.%):LLF crystal for dif-
ferent output coupling transmissions. The investigated laser transition was
3P0—>3F2

into account the incident pump power of 657 mW. Figure 4.20 shows the measured power
characteristics and the corresponding simulation results.

50 T T T T T
< = Pr’(0.45at.%):LLF, /= 9.15 mm
% 40] _LBO.7=8mm . |
T 301 .
[P}
2
A~ 201 1
=
o
5 101 1
o
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Absorbed Power P, (mW)

Figure 4.20: Power characteristics of intracavity frequency doubled laser radiation at
640.2 nm of a GaN-LD-pumped Pr®T:LLF crystal
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4.6 Summary

OPSL- and GaN-LD-pumped Pr3*-laser experiments were performed in continuous wave
operation. Different laser transitions in the visible spectral range were investigated focus-
ing on their power characteristics. The slope efficiencies of 0.46 and 0.56 were obtained
from longitudinally pumped Pr3*-doped YLF and LLF crystals under OPSL-pumping.
These are the highest efficiencies reported so far. The quantum limit could not be reached
because of an overlap efficiency of =~ 0.75 and the influence of CRPs. Output powers of
600 mW were obtained in the green and red spectral region at an absorbed pump power of
1.4 W, while in the orange spectral region about 350 mW were measured at a reduced effi-
ciency. Spectral investigations revealed that the radiation of this laser transition 3 Py—3Hg
is partially reabsorbed by the GSA transition *H,—!'D,. The corresponding emission
spectra show an increased 'D, fluorescence during laser operation. The beam quality
factor of the realized lasers were determined to be below M? =1.3.

Intracavity SHG of the visible laser radiation at ~640nm using LBO nonlinear crys-
tals resulted in demonstration of continuous wave radiation generation at 320 nm in the
UV for the first time. Under OPSL-pumping, up to 360 mW of UV radiation could be
achieved with a conversion efficiency of 0.61 and an overall optical-to-optical efficiency of
0.22. Due to the Poynting vector beam walk-off, the beam quality factor decreased to
MZx M7 =1.8x9.9.

Pulsed laser operation at ~ 640 nm via active Q-switching using an AOM resulted in pulse
peak powers of 560 W with a pulse energy of ~60puJ and a pulsewidth of 108 ns. These
results were obtained at a repetition rate of 200 Hz and at an OPSL pump power of 4.5 W.
They represent the first reported data of an actively Q-switched Pr3*-laser operated on a
visible laser transition. Although the laser crystals were water cooled, stress induced by
the high pump powers resulted in thermal lensing affecting the transversal beam profile
at pump powers above 2.0 W.

GaN-LD-pumping of Pr3*-doped laser crystals resulted in efficient lasing, too. In com-
parison to the OPSL-pumped systems, GaN-LD-pumped Pr3*-lasers feature a slightly
reduced efficiency due to the reduced beam quality factor of the pump beam. The overlap
efficiency was determined to be in the same range as for OPSL-pumping. Using two LDs
as pump source, up to 208 mW at 640 nm, could be demonstrated so far. In this setup,
slope efficiencies of 0.46 could be demonstrated. In case of Pr3":YLF, about 70 mW in
the green, 40 mW in the orange, 185 mW in the red, and 135mW in the near infrared
spectral region could be realized. The results obtained with the laser host materials LLF,
BYF, and KYF are promising, too. Regarding intracavity SHG of the 640 nm radiation,
more than 42mW could be obtained from a GaN-LD-pumped system so far.
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In the framework of this thesis, the highest slope efficiencies of directly pumped Pr3*-
lasers under OPSL- and GaN-LD-pumping as well as the generation of continuous wave
UV radiation at 320 nm has been demonstrated for the first time. Furthermore, different
rare earth ion sites in the laser host materials LiYF, and LiLuF, have been investigated
in case of Pr3*-doping.

The crystal growth of Pr®*-doped fluoride single crystals of LiYF,, LiLuF,, and KY5F,
resulted in an optical quality sufficient for laser oscillation. The carbon-based growth
setup was not optimized and thus the crystals suffered from inclusions, cracking and
polycrystalinity to some extent.

Improvements in crystal quality should be obtained by reducing the carbon contamina-
tions, introducing an additional heating process during the evacuation process and apply-
ing a reduced rotation rate. Furthermore, slight modifications of the axial temperature
gradient should reduce the effect of constitutional supercooling.

For evaluation of the incorporation behaviour of praseodymium ions in the fluoride crys-
talline materials, investigations using optical spectroscopy were performed. Time resolved
luminescence measurements revealed effective cross-relaxation processes with nonradiative
decay rates in the range of 100-40000s~! with a quadratic concentration dependence.
The coupling mechanism of the interaction between Pr3*-ions at room temperature re-
sults from a mixture of (super-)exchange and dipole-dipole interaction. Typical distances
of interaction are about 9 A in case of (super-)exchange and about 70 A in case of dipole-
dipole induced interactions. A more detailed low temperature study on the most promising
crystal structures for efficient laser action, LiYF, and LiLuFy, revealed more than 5 ion
classes which correspond to different sites in the host lattice. By considering absorption,
emission, excitation, and decay characteristics, 3 of them could be identified. Besides the
Pr®T-ions on regular Y*/Lu?*-sites, another ion class which is not influenced by excita-
tion energy transfer has been found. However, this class most likely corresponds to an
irregular lattice site. An increase in the ion concentration revealed a tendency to cluster
even at Pr3*-concentrations of 0.22 at.%. This is not surprising considering the ionic radii
of the host ion and the dopant ion. By incorporation of large dopant ions, local stress is
induced in the host matrix. This can be compensated by voids, for example. Another type
of Pr3*-ions found in the spectroscopic investigations performs efficient energy transfer
even at low temperatures. These ions are located at irregular sites, too. They contribute
quite strongly to the population of the ' Dy energy level.

The nature of the irregular lattice sites could not be determined in the context of this
work. Investigations regarding colour centre formation in these fluoride crystals by elec-
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tron beam irradiation might result in relevant information.

Furthermore, the strong emission of the transition 3P, — 3Hg could be confirmed during
the low temperature measurements in the Pr3*:LiYF, and Pr3*:LiLuF,. The mechanism
responsible for the high emission intensity is still not understood in detail and needs fur-
ther investigations.

To reduce the influence of nonradiative decay by cross-relaxation processes, crystalline
host materials with suitable lattice sites are necessary. In such materials, lattice dis-
tortions and clustering would most likely not occur with incorporated Pr3*-ions. For
example, Pr®T-ions incorporated in the host material LiGdF,, which is isostructural to
LiYF,, would generate lower stress levels than in LiYF, or LiLuF,. However, first in-
vestigations of this system resulted in nonexponential decay characteristics of the upper
laser level, too. This is a clear indication for cross-relaxation processes. Because of the
suitable ionic radii of Pr3* and La3", clustering effects in Pr3T-doped LaF; single crys-
tals should be reduced. Alternatively, oxides with low phonon energies like for example
perovskite-type or sesquioxide-type crystals look promising as well.

OPSL- and GaN-LD-pumped Pr3*-laser experiments were performed in continuous wave
operation. Different laser transitions in the visible spectral range were investigated focus-
ing on their power characteristics. Slope efficiencies of 0.46 and 0.56 were obtained from
longitudinally pumped Pr3*-doped LiYF, and LiLuF, crystals under OPSL-pumping.
These are the highest efficiencies reported so far. The quantum limit could not be reached
due to the overlap efficiency of =~ 0.75 and the influence of cross-relaxation processes. Out-
put powers of 600 mW were obtained in the green and red spectral region at an absorbed
pump power of 1.4 W, while in the orange spectral range about 350 mW were measured
at a reduced efficiency. Spectral investigations revealed that the radiation of this laser
transition (3Py,—3Hg) is partially reabsorbed by the ground state absorption transition
3Hy—'D,. The corresponding emission spectra show an increased ' D, fluorescence dur-
ing laser operation. The beam quality factor of the realized lasers were determined to be
below M?=1.3.

Intracavity second harmonic generation of the visible laser radiation at ~ 640 nm using
LBO nonlinear crystals resulted in demonstration of continuous wave radiation genera-
tion at 320 nm in the UV for the first time. Under OPSL-pumping, up to 360 mW of UV
radiation could be achieved with a conversion efficiency of 0.61 and an overall optical-to-
optical efficiency of 0.22. Due to the Poynting vector beam walk-off, the beam quality
factor decreased to MZx M7 =1.8x9.9.

Pulsed laser operation at ~640nm via active Q-switching using an acoustooptical mod-
ulator resulted in pulse peak powers of 560 W with a pulse energy of ~60nJ and a
pulsewidth of 108 ns. These results were obtained at a repetition rate of 200 Hz and at
an OPSL pump power of 4.5W. They represent the first reported data of an actively
Q-switched Pr3*-laser operated on a visible laser transition. Although the laser crystals
were water cooled, pump powers above 2.0 W resulted in thermal lensing.

In comparison to the OPSL-pumped systems, GaN-LD-pumped Pr3*-lasers feature a
slightly reduced efficiency due to the reduced beam quality factor of the pump beam.
The overlap efficiency was estimated to be in the same range as for OPSL-pumping. Us-
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ing two LDs as pump source, up to 208 mW at 640 nm could be demonstrated with slope
efficiencies of 0.46. In case of Pr3*:LiYF,, about 70 mW in the green, 40 mW in the orange,
185mW in the red, and 135mW in the near IR spectral region could be realized. The
results obtained with the laser host materials LiLuF,, BaY,Fg, and KY3Fo are promis-
ing, too. Regarding intracavity second harmonic generation of the 640 nm radiation, more
than 42mW could be obtained from a GaN-LD-pumped system so far. Application of
GaN-LDs as pump source are beneficial for realizing compact and efficient Pr3*-lasers for
several applications such as projection displays.

Improvements in laser performance can be obtained by modifying the pump geometry
to achieve a higher geometrical overlap efficiency. To realize compact LD-pumped Pr3*-
lasers, gradient index optics might be a suitable approach.
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