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CROSS SECTIONS, TRANSITION INTENSITIES, AND LASER GENERATION 
AT THE 3P1 → 3H5 TRANSITION OF LiY0.3Lu0.7F4:Pr3+ CRYSTAL
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Lasing and spectroscopic properties of an LiY0.3Lu0.7F4:Pr3+ crystal grown by the Bridgman–Stockbarger method 
were investigated in detail. Absorption and luminescence spectra were recorded using polarized light. Lifetimes 
of excited states 3PJ were determined. Absorption and emission transition intensities were calculated according 
to f–f-transition intensity theory taking into account interconfi guration interaction. Stimulated emission transverse 
cross sections were determined using the Füchtbauer–Ladenburg method. Pumping by an InGaN laser diode 
produced continuous-wave laser generation at 522.6 nm (3P1 → 3H5) in Pr-doped mixed fl uoride crystals with a 
maximum output power of 0.38 W and a slope effi ciency of 19%.
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Introduction. Solid-state visible lasers have recently stimulated continuous interest because of signifi cant technical 
progress in InGaN (GaN) laser diodes (LDs) emitting in the blue–violet spectral range that includes absorption bands of 
ions used for visible generation (Pr3+, Tb3+, Sm3+, Eu3+, etc.) [1]. At present, Pr3+ in fl uoride crystals seems most promising 
because effi cient visible generation is obtained in these materials [2–4]. Figure 1 shows an energy level diagram of Pr3+.

Mixed fl uoride crystals of the LiYxLu1–xF4 type with the scheelite structure have interesting distributions of activator 
ions in the matrix depending on the ratio of Y3+ and Lu3+ cations. The distribution coeffi cient of Ce3+ increased from three 
to fi ve times in mixed LiYxLu1–xF4 crystals for x = 0.6–0.8 [5]; for Nd3+, practically doubled for LiY0.35Lu0.65F4 crystal 
[6, 7] as compared with LiYF4 (YLF) and LiLuF4 (LLF) crystals. Analogous behavior was expected for Pr3+ because ionic 
radii in the series Ce3+–Nd3+ are similar [5–7]. Previously, generation was obtained in the 3P0 → 3H6 transition (~640 nm) 
in LiY0.3Lu0.7F4:Pr3+ crystal [8].

The present work investigated the laser spectroscopic properties of an LiY0.3Lu0.7F4:Pr3+ crystal. Generation in the 
3P1 → 3H5 transition with λem = 522.6 nm was observed for the fi rst time. This transition was chosen because of the special 
signifi cance of its second harmonic for biological applications.

Experimental. LiY0.3Lu0.7F4:Pr3+ crystals were grown by the Bridgman–Stockbarger method in a graphite crucible 
with an excess of high-purity Ar gas pressure using a seed crystal for oriented crystallization. Starting components (>99.995% 
pure) were crystallized beforehand and used in nonstoichiometric ratios with a small excess of LiF because of incongruent 
melting of LiY0.3Lu0.7F4 crystals, which was characteristic of YLF homologs [9]. The amount of PrF3 in the melt (C0) was 
determined from the YF3–LuF3 ratio and reached 1 (sample 1) and 2 at.% (sample 2). The fi rst crystal was used for laser 
experiments; the second, for spectroscopic studies. The density of the grown crystals was 5.6 g/cm3.

Absorption and luminescence spectra were recorded using polarized light with the electric fi eld vector E directed 
parallel (π) and perpendicular (σ) to the crystal optical axis on a Cary 5000 spectrophotometer with spectral slit width 0.09 
and 0.30 nm for ranges 425–620 and 970–2600 nm. Steady-state visible luminescence was measured with 0.07-nm resolution 
using a system with an MDR-23 monochromator, Hamamatsu C5460 module, and Stanford SR830 lock-in amplifi er. 
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Luminescence was excited by a GaN-LD with λ = 444 nm. The spectral sensitivity of the luminescence system was calibrated 
using a halogen lamp to produce the true shape of the spectrum [10].

Decay of excited states 3PJ of Pr3+ was studied using exciting radiation from an LT-2214 optical parametric generator 
(LOTIS TII) with λem = 444 nm and pulse length ~20 ns. Luminescence radiation passing through an MDR-12 monochromator 
was recorded at ~640 nm by a Hamamatsu C5460-01 module and a digital oscilloscope with a bandwidth of 500 MHz.

The Judd–Ofelt approach is widely used to calculate intensities in spectra of lanthanide ions but gives unsatisfactory 
results for Pr3+ because low-lying excited f–d-confi gurations affect the intensities of intraconfi guration f–f-transitions. 
Therefore, f–f-transition intensity theory with moderate interconfi guration interaction (ICI) was used [12] and took 
into account the fi nal energy of the transition initial and fi nal multiplets EJ and EJ′ and energy Ef

0 of excited confi guration 
4f N–15d. The transition electric-dipole (ED) line strength was
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where Ωk are intensity parameters; Rk, parameters due to confi guration interaction. Values of doubled matrix elements ||U (k)|| 
were approximated as an intermediate bond for the free ion. The contribution of a magnetic-dipole (MD) mechanism to the 
overall transition probability was taken into account by determining the absorption and emission oscillator strengths. Line 
strength S was converted to oscillator strength f using a well-known formula from the literature [11]. Oscillator strengths of 
absorption transitions were determined from the obtained absorption spectra using the formula
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where λ  is the weighted mean transition wavelength; ,
JJ
π σ
′α , integrated absorption coeffi cient for the corresponding 

polarization state. The sought variables Ωk and Rk were determined by a least-squares method by fi tting theoretical oscillator 
strengths to the experimental ones. The radiative lifetime of the 3P0 level was calculated using the obtained Ωk and Rk values 
and the transition probability formula [11].

Results and Discussion. The Pr3+ content in sample 2 was determined using atomic-emission spectroscopy. 
The effective distribution coeffi cient kef was found from the Gulliver–Pfann equation [13] using experimental Pr3+ concentrations 
CPr in the crystal as a function of the relative coordinate of the boule crystallized section g (Fig. 2). The quantity g was defi ned 
as the ratio of the crystal section coordinate for which the concentration measurements were made to the whole length of the 
grown crystal (boule).

Fig. 1. Energy level diagram of Pr3+.
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The Pr3+ distribution coeffi cients for YLF:Pr and LLF:Pr crystals were k = 0.15 and 0.22 [14]. An approximation gave 
kef = 0.28, which indicated that the Pr3+ distribution coeffi cient increased in the studied crystal composition.

Figure 3 shows absorption cross sections σabs for LiY0.3Lu0.7F4:Pr3+ crystal in the visible and IR regions for σ- and 
π-polarizations. The obtained functions were analogous to those for YLF:Pr and LLF:Pr crystals [15] although the studied 
crystal had intermediate absorption cross sections (Table 1). Transitions 3H4 → 3P0 and 3H4 → 3P2 that are used to pump 
Pr lasers were most interesting. The maximum absorption cross sections were 22.8·10–20 and 9.7·10–20 cm2 for π-polarization 
at λ = 479.2 and 444.0 nm.

Fig. 2. Pr3+ content in LiY0.3Lu0.7F4 crystal as a function of relative coordinate of boule 
crystallized section g; points are experimental data.

Fig. 3. LiY0.3Lu0.7F4:Pr3+ crystal absorption cross-section spectra.

TABLE 1. Absorption Properties of Fluoride Crystals with the Scheelite Structure and Pr3+ Ions

Transition
λ, nm Δλ, nm σabs, · 10–20 cm2

YLF LLF LiY0.3Lu0.7F4 YLF LLF LiY0.3Lu0.7F4 YLF LLF LiY0.3Lu0.7F4

3H4 → 3Р2
σ 441 440.9 440.9 1.74 1.94 1.87 3.9 4.3 4
π 443.9 444.0 444.0 1.76 1.83 1.8 8.9 10 9.7

3H4 → 3Р1 π 468.7 468.7 468.7 0.95 1.0 1.0 6.3 6.8 6.1
3H4 → 3Р0 π 479.2 479.3 479.2 0.53 0.46 0.48 19.5 25 22.8
3H4 → 1D2 π 594.6 594.9 594.8 1.78 1.8 1.8 3.0 3.5 3.3
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Table 2 presents oscillator strengths fexp determined using Eq. (2) and theoretical fICI. It is noteworthy that fICI includes 
oscillator strengths of both ED and MD transitions, if present. Fitting gave Ω2 = 0.082·10–20 cm2, Ω4 = 2.782·10–20cm2, 
Ω6 = 17.20·10–20 cm2, R2 = 0.135·10–4 cm–1, R4 = –0.039·10–4 cm–1, R6 = 0.313·10–4 cm–1, and mean-square deviation 
MSD = 0.646·10–20 cm2.

Figure 4 shows stimulated emission (SE) cross sections σSE that were calculated using the Füchtbauer–Ladenburg 
equation and the corrected spectra [16]. Luminescence spectra of Pr3+ exhibited several bands from metastable state 3P0 and 
states 3P1 and 1I6 that were thermally coupled with it [17]. The maximum cross sections for each transition were comparable 
to those for YLF:Pr and LLF:Pr crystals [15]. Table 3 shows that cross sections did not differ substantially among crystals.

Figure 5 shows the luminescence decay kinetics from the set of 3PJ upper states. The measured lifetime for sample 1
was 43 μs (single-exponential decay kinetics); for sample 2, 30 μs. However, the decay kinetics for sample 2 were not single-
exponential because of cross relaxations (3P0 + 1D2 = 3H4 + 3H5 and 3P0 + 1G4 = 3H4 + 1G4) that caused luminescence 
quenching [15]. The radiative lifetime obtained from f–f-transition intensity theory was 39 μs, which was slightly less than 
the analogous time for YLF:Pr and LLF:Pr crystals (~50 μs) [15].

A thermally stabilized InGaN-LD with output power up to 4 W and λem = 444 nm was used as the pump in laser 
experiments. Pump radiation was focused on the active element in a square spot (~80 × 80 μm). The active element was 
a LiY0.3Lu0.7F4:Pr3+ crystal (10 mm, sample 1) with anti-refl ection coatings on the end faces. The active element was placed 
into a three-mirror cavity formed by plane-wave and exit mirrors and an intracavity spherical mirror with –100 mm radius 
of curvature. The output mirror had 6% transmittance. The maximum output power was 0.38 W with slope effi ciency 19% 
(Fig. 6). The absorbed pump power of 3.9 W corresponded to optical effi ciency ~10%. Pump quality parameter M2 ≤ 1.2 so 
that the beam was elliptical and parallel to the crystal optical axis

Fig. 4. LiY0.3Lu0.7F4:Pr3+ crystal stimulated emission cross-section spectra.

TABLE 2. Theoretical and Experimental Oscillator Strengths of LiY0.3Lu0.7F4:Pr3+ Crystal

Transition 3Н4 → λ , nm fexp · 10–6 fICI · 10–6

3Н6 2194 0.5 0.385
3F2 1928 1.38 1.378

3F3 + 3F4 1530 8.09 8.13
1G4 1031 0.146 0.393
1D2 589 3.24 3.247

3P0 + 3P1 + 1I6 472 5.23 5.228
3P2 443 10.73 10.881
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TABLE 3. Luminescence Characteristics of Fluorides with the Scheelite Structure and Pr3+

Transition
λ, nm Δλ, nm σSE, 10–20 cm2

YLF LLF LiY0.3Lu0.7F4 YLF LLF LiY0.3Lu0.7F4 YLF LLF LiY0.3Lu0.7F4

3PJ  → H4
π 479.2 479.3 479.3 0.75 0.85 0.85 19.4 19.7 20.5

σ 481.1 481.1 481.1 0.77 0.9 0.86 – 2.1 2.4

3PJ → 3H5 π 522.6
545.9

522.6
546.2

522.6
546

1.11
5.6

1.15
5.6

1.13
5.6

2.6
0.8

2.4
0.8

2.9
0.9

3PJ → 3H6
π 604.3 604.1 604.2 1.9 1.91 1.92 9.8 9.3 9.0

σ 607.2 607.1 607.1 1.25 1.46 1.4 11.3 11.8 12.3
3PJ → 3F2 σ 639.5 640.1 640 0.78 0.8 0.8 21.8 21 23.6

3PJ → 3F3 π 670.3
697.6

670
697.8

670
697.8

0.75
0.44

0.98
0.6

0.55
0.6 –5.2 1.4

4.3
1.9
4.9

3PJ → 3F4
π 720.8 721.4 721.2 0.97 1.1 1 8.8 7.2 6.7

σ 718.7 719 719 0.86 0.9 0.88 – 2.8 2.9
3PJ → 1G4 π 915 – 915 – – 4 – – 1.4

Fig. 5. Luminescence decay kinetics of the 3PJ level in LiY0.3Lu0.7F4:Pr3+ crystal.

Fig. 6. Output characteristics of LiY0.3Lu0.7F4:Pr3+ crystal laser.



225

It is noteworthy that the rather low effi ciency was due to suboptimal locking of the pump and generation modes 
because of the rectilinear cross-sectional profi le of the pump beam. This increased the pump beam size by 2.5 times at the 
edges of the active element in the meridional plane. Future work will be aimed at optimizing the pump system and cavity and 
active-element confi gurations.

Conclusions. LiY0.3Lu0.7F4:Pr3+ crystals were grown by the Bridgman–Stockbarger method and were characterized 
with a Pr effective distribution coeffi cient of 0.28. The absorption transitions used for pumping Pr lasers had maximum cross 
sections of 22.8·10–20 cm2 and 9.7·10–20 cm2 for π-polarization at λ = 479.2 and 444.0 nm. Absorption transition oscillator 
strengths were determined experimentally and used to fi nd intensity parameters from f–f-transition intensity theory. Stimulated 
emission cross-section spectra were calculated using corrected luminescence spectra and the Füchtbauer–Ladenburg equation. 
The lifetime of an excited state 3PJ depended on the Pr3+ content and was 43 μs for a sample with distribution coeffi cient 0.28. 
Continuous generation at λ = 522.6 nm (3P1 → 3H5 transition) with maximum output power 0.38 W and slope effi ciency 19% 
for output mirror transmittance 6% was obtained with pumping by a GaN-diode laser.
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